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I. INTRODUCTION 
LA. Motivation 
Helium scattering is evolving as a probe of the structure and dynamics of the sur­
face atomic layer of solids. Recent helium scattering experiments include studies of the 
structural phases of clean surfaces and adlayers (Richardson 1988; Brusdeylins, Heimlicli 
et al. 1989), surface phonons (Celli 1990), adsorbate vibrational modes (Mason and 
Williams 1983a; Lahee, Toennies et al. 1986), surface melting (Frenken, Hinch et al. 
1989) and surface roughness (Garcia and Cabrera 1985). Surface roughness may be due 
to terraces (Lapujoulade, Lejay et al. 1979; Gorse, Salanon et al. 1984), point defects 
(Toennies 1987) or adsorbates at low coverages (Mason and Williams 1987). In addition 
to surface studies, studies of helium-surface scattering have led to fundamental improve­
ments in the understanding of the gas-surface interaction (Lennard-Jones and Devonshire 
1936a-c; Cardillo 1985). 
Several properties make atomic scattering with thermal energies an excellent surface 
probe. In contrast with photon or electron scattering, atoms are scattered by the top atomic 
layer of a solid. Since the atoms do not penetrate the top layer of the solid, in ter-layer inter­
ference with lower atomic layers is eliminated. Data interpretation is simplified. Since the 
penetration depth is a fraction of one atomic layer, helium scattering is highly surface 
sensitive. 
The chemical properties of helium are advantageous for surface studies. Except at 
sample temperatures of under 40K, helium will not adsorb onto a surface. Thus, helium 
scattering may be expected to leave surfaces and adlayers intact. The low bound state 
energy of the helium dimer is essential for the production of highly monochromatic helium 
beams (Toennies and Winkelman 1977). 
Since helium atoms are electrically neutral, their trajectories are unaffected by stray 
electric or magnetic fields. When charged particles are used to investigate insulating sur­
faces, the surface can become charged. This produces stray fields near the surface which 
affect the trajectories of the test probes. Because of this charge build up, electron energy 
loss spectroscopy {EELS) studies of lattice vibrations are most successful with conducting 
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surfaces. Helium scattering has been applied equally to studies of conductors, semicon­
ductors, and insulators. For some insulating surfaces, electrons with energies typical of 
EELS (50-100 eV) cause measurable surface damage. For the LiF(OOl) surface, 
bombardment by 40 eV electrons decreased the intensities of elastic helium reflections 
measurably (Mason, MacPherson et al. 1990). 
Thermal beams (77K - 300K) of helium have energies (15-65 meV) and wave 
number (6 -13 Â'^) which are characteristic of phonons. Single phonon scattering signifi­
cantly alters both the energy and momentum of the scattered particle. This facilitates high 
resolution measurements of phonon dispersion relations. In this respect, helium scattering 
is similar to neutron scattering. 
To extract the full information available from a scattering experiment, some means 
of energy resolution is required. With both energy and angle resolution, the full kinematic 
information (energy and momentum transfer) of the observed scattering events may be 
deduced. Energy resolved helium scattering experiments have been perfomied using 
mechanical choppers, time-of-flight (TOF) methods and analyzer crystal techniques. 
Stern and colleagues were the first to apply mechanical choppers and analyzer 
crystal techniques for helium-surface diffraction experiments (Knauer and Stern 1929: 
Estermann and Stem 1930; Frisch and Stem 1933a,b). Because of the broad energy 
distribution of effusive atomic beams, these methods were required to perfomi accurate 
diffraction studies. 
Bledsoe and Fisher were the first to observe helium-phonon scattering in an energy 
resolved experiment (Fisher and Bledsoe 1971). Using TOF techniques, scattering by 
phonons near the Brillouin zone center of a LiF(OOl) surface was observed. Following 
this initial success, the TOF method developed rapidly. Experiments by Toennies and col­
laborators were the first to measure dispersion relations to the Brillouin zone edge (Brus-
deylins, Doaket al. 1980a,b, 1981a-c, 1983; Doak 1981). These experiments clearly 
established that helium scattering was a general probe of surface acoustic phonons. Using 
TOF methods, the dispersions of the Rayleigh mode in LiF(OOl), NaF(OOl) and KCI(0()I) 
surfaces were investigated throughout the Brillouin zone. In addition, 'kinematic focusing' 
effects and phonon coupling to bound states in the helium-surface interaction potential were 
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observed (Benedek, Brusdeylins et al. 1983; Evans, Celli et al. 1983). Both effects signif­
icantly enhance inelastic intensities. 
Following these successes, several laboratories have developed similar TOP appa­
ratus. The dispersion relations of surface phonons in over a dozen surfaces have been 
measured by experimentalists throughout the world (Kress 1991). These experiments have 
included investigations of optical modes of alkali halides (Brusdeylins, Rechsteiner et al. 
1985; Bracco, d'Avanzo et al. 1987) and acoustic modes in a variety of insulators, semi­
conductors, and metals. The current state of TOP experiments has been recently reviewed 
(Celli 1990; Toennies 1991). 
In addition to TOP methods, analyzer crystal methods have been demonstrated by 
Mason and Williams at the National Research Council in Ottawa, Ontario. Using a techni­
cally remarkable double-crystal spectrometer (Mason and Williams 1978), surface vibra­
tions in Cm(OOI), Cw(llO), /Ig(llO), A'C/(001), and a variety of physisorbed adlayers on 
these surfaces (Mason and Williams 1981, 1983a,b, 1984a,b; Mason, McGreer ei al. 
1983) were observed. In these experiments, Mason and Williams have demonstrated ana­
lyzer scans which provide the same information as TOP scans. More significantly, they 
have also demonstrated constant-Qn and constant-zlE scans. These scans are the surface 
analogs of widely used scans for studies of bulk phonons using triple-axis neutron spec­
trometers. The double-axis helium spectrometer may naturally be viewed as the surface 
science analog of the triple-axis neutron spectrometer. 
Neutron scattering experiments using triple-axis spectrometers were demonstrated 
by Brockhouse (1966). Triple-axis neutron spectrometers have come to dominate neutron 
scattering facilities at reactor sites throughout the world. At such facilities, triple-axis spec­
trometers frequentiy outnumber all other instruments. The double-axis helium spectrometer 
offers the same fundamental advantages as the triple-axis neutron spectrometer. If a variety 
of technical difficulties are resolved, the double-axis helium spectrometer may become tlie 
dominant experimental probe of surface lattice dynamics. 
The similarity between the double-axis helium spectrometer and the triple-axis 
neutron spectrometer is shown in Pigure 1.01. Since monochromatic helium beams may 
be produced by a free jet expansion, helium spectrometers may omit the monochromator. 
The rest of the beam path is quite similar. The monochromatic beam is scattered by the 
4 
sample. The beam scattered through the angle <p is incident upon the analyzer. Diffraction 
by the analyzer is then used to energy analyze the scattered beam. This allows the both the 
energy and momentum transfer at the sample to be determined experimentally. 
Perhaps the most compelling reason to develop a surface analog of a triple-axis 
spectrometer is the ability to perform constant-Qn scans. These scans allow the dispersion 
of phonons to be investigated at preselected points in the Brillouin zone. This allows the 
experimentalist to measure the dispersion at the points of interest, e.g., at points of high 
symmetry or at points where phonon softening is a precursor to structural phase transi­
tions. Phonon softening occurs when the frequency of a phonon mode decreases within a 
narrow range of the phonon momenta. A phonon with a frequency of zero may be viewed 
as a set of atomic displacements, specified by the polarization vector of the phonon, with­
out a restoring force. The natural experiment to study such phase transitions is the 
constant-Q scan. 
Following Mason and Williams' successful demonstration of the analyzer crystal 
method, the construction of two double-axis helium spectrometers was begun in Karlsruhe. 
Germany and in Ames, Iowa. Both machines are general instruments, in the sense that the 
chromator 
Triple-axis neutron spectrometer 
Sample, rotation 
Mono- / ^\specified by \|/ 
4) 
(c)\ (d) 
Analyzer 
Double-axis helium spectrometer 
Detector Detcctor 
Analyzer 
Figure 1.01 The triple-axis neutron spectrometer and the double-axis helium spectrometer. 
(a) Neutron beam from reactor 
(broad energy distribution) 
(b) Monochromatic beam 
incident upon sample 
(c) Beam scattered by sample 
(d) Energy-resolved beam 
scattered by analyzer 
(b) Supersonic nozzle beam 
(monochromatic) 
incident upon sample 
(c) Beam scattered by sample 
(d) Energy-resolved beam 
scattered by analyzer 
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scattering angles and the crystal orientations may be varied during scans. These helium 
spectrometers offer the full flexibility of the triple-axis neutron spectrometer. 
For the spectrometer being developed in Karlsruhe, the source, sample, analyzer 
and detector are located in separate vacuum chambers. The spectrometer arms move the 
vacuum chambers carrying the analyzer and the detector within a vertical scattering plane. 
This motion requires flexible coupling between the various vacuum chambers. There 
seems to be significant difficulty moving these large components safely and reliably and 
designing leak-free bellows couplings with sufficient flexibility. 
In contrast, the spectrometer developed in Ames is located within a rigid vacuum 
envelope. This requires the entire spectrometer to be vacuum compatible. This spectro­
meter is quite complex, providing thirteen mechanical degrees of freedom. The detector 
assembly includes a mass spectrometer, differential pumping stages and pulse-counting 
electronics. Detectors of comparable complexity are commonly fixed to the scattering 
chambers of other atomic beam facilities. However, the author is unaware of any compa­
rable mobile, in-vacuum detector. Since most mechanisms of the spectrometer are 
inaccessible during experiments, any repair or adjustment involves breaking vacuum. 
Hence, the instrument must be robust. 
With a double-axis spectrometer capable of variable scattering angles, a variety of 
experiments are possible. Several examples of elastic and inelastic experiments which are 
particularly suited for a double-axis spectrometer will be discussed. 
I.B. Scattering Methods 
Scattering kinematics are determined by energy and momentum conservation. The 
transfer momentum of the scattered helium, also called the scattering vector, is defined 
Q=ki-ko. (1 .01 )  
Momentum conservation requires that the transfer momentum be exchanged with the 
sample. The energy gained by the helium atom during the collision, 
^E = i^[ki-kQ] (1.02) 
must be lost by the sample. 
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The analysis of the experimental results is simplified by performing experiments 
with the sample normal in the scattering plane. This is illustrated in Figure 1.02. In this 
case, Q\\ is always along a fixed azimuth which is usually chosen to be a symmetry direc­
tion. The magnitude of Q\\ is given by 
as may be verified by inspecting Figure 1.02. The general case, where the sample may be 
tilted, is examined in Appendix B. 
Dijfraction Experiments 
Helium atoms offer several advantages over other probes of surface structures. As 
previously noted, helium is non-destructive and interacts with the top atomic layer of a sur­
face. Data from helium diffraction, unlike electron or x-ray diffraction data, is free of inter­
ference effects which can significantly complicate analysis. This application of helium 
scattering has been reviewed (Engel and Rieder 1982; Engel 1986), so comments concern­
ing diffraction will be kept brief. 
Figure 1.02 Standard sample orientation requires that the sample nonnal lies in the scat­
tering plane. By definition, the scattering plane contains ko and k], and hence Q=ki-ko. 
The sagittal plane is defined by the sample normal and Q\\, When the sample nomial is in 
the scattering plane, all of these vectors lie in a common plane. The observed scattering is 
restricted to the sample azimuth (a) defined by the intersection of the sample's surface 
plane and the scattering plane. In TOF experiments, the angles Oq and 0/ are commonly 
used, rather than y/md (p. 
Qn = ki cos[0-v/] - ko cos[y] (1.03) 
scattering plane 
/»• /' /• 
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For elastic scattering the state of the sample is unchanged. No energy is exchanged 
between the sample and the scattered atom, thus the magnitude of the wave vector is 
unchanged by the scattering, 
\ k o ' k o \  =  \ k i - k i \ .  (1.04) 
Diffraction by a periodic surface is allowed when the interference between the unit cells of 
the surface lattice is constructive. This is most conveniently expressed by equating the sur­
face component of the transfer momentum with one of the reciprocal lattice vectors of the 
surface. The reciprocal lattice is reviewed in section II.B. The reciprocal lattice vectors are 
denoted g||. For experiments when the sample normal is in the scattering plane, diffraction 
is governed by the crystal grating formula 
gii=^cos[^i//]-cos[v']). ( 1.05) 
Note that gn may be scanned with either 0 and yAfixed. 
While the kinematics allow diffraction reflections to be observed over a range of 
scattering angles, the information provided at each scattering angle is not equivalent. 
Kinematic considerations only determine the location of diffraction peaks. The intensity 
depends upon other factors of fundamental importance, including the structure of the sur­
face unit cell, the details of the gas-surface interaction and interference between terraces in 
stepped surfaces. Instruments with fixed scattering angles are unable to study these effects 
systematically. Fixed-angle instruments are also unable to select optimum scattering angles 
for other investigations. This difficulty was clearly demonstrated by Mason and Williams 
(1978). Their initial attempts to observe single-phonon scattering in the Ch(001) surface 
were unsuccessful. After rebuilding their double-crystal spectrometer, which included 
changing the scattering angle, single phonon scattering was observed. 
As with all scattering experiments involving periodic samples, the intensity of 
coherent reflections depends upon the structure of the unit cell. This allows the locations ol" 
the unit cell constituents to be deduced from the intensities of observed reflections. 
Consider diffraction of a coherent wave front by a corrugated hard wall. The wavelet scat­
tered by the various regions of the unit cell will travel different distances, giving rise to 
phase shifts. Figure 1.03 illustrates the origin of these phase shifts. The interference 
between these wavelets determines the intensity of the observed reflections. The picture 
becomes more complicated for realistic potentials, but the significance of the phase differ­
ences remains. By observing diffraction at various scattering angles, the structure of the 
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surface and the form of the gas-surface interaction may be investigated experimentally. For 
the LiF(001 ) surface, experiments by Boato, Cantini et al. (1975) and the latter analysis by 
Celli, Eichenauer et al. (1985) demonstrate this process. 
In addition to interference within the surface plane, interference effects between the 
steps are observed. Constructive interference between steps occurs when the normal 
component of the scattering vector, !2j^=/:7sin[^v/]+^osin[v/], equals 
27C A] 
8i= as ' (1 
where as is the step height and hs is an integer. By considering interference effects both 
within the scattering plane and perpendicular to it, we have introduced the conditions lead­
ing to Bragg scattering for three dimensions. The intensity of a given reflection is expected 
to be at maximum intensity when the Bragg condition 
g=2kQsm[(p/2] (1.07) 
is fulfilled. This ansatz may be quickly verified by equating the magnitude of the vector 
g=(^ll with the magnitude of the scattering vector, 
=2/:oSin[0/2] • 
Thus, the ability to scan 0 becomes critical if stepped surfaces are under investigation. The 
current spectrometer, in contrast with TOP spectrometers, can be used for this type of 
scattered 
wave front 
incident 
plane 
wave 
—unit cell — 
Figure 1.03 Diffraction by a corrugated hard wall (one dimension). Note the phase shift 
introduced by the corrugation. By observing the diffraction intensity at several scattering 
angles, the amplitude of the corrugation can be deduced. This is a simplified picture of 
helium diffraction by a periodic surface. 
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investigation. This is one example of the versatility offered by allowing the scattering angle 
to be varied. 
Mason and Williams have shown that analyzer techniques can be quite useful for 
investigations of rough surfaces. Surface roughness can result not only from point imper­
fections in a surface, but also from adsorbates on the surface. As a surface roughens, the 
elastic incoherent scattering tends to increase at the expense of elastic coherent scattering. 
Thus, the roughness of a surface may be gauged by observing changes in the intensity of 
incoherent elastic scattering. However, both inelastic scattering intensities and incoherent 
elastic scattering are affected by adsorbates (Brusdeylins, Heimlich et al. 1989) and surface 
defects. Using analyzer crystal methods. Mason and Williams have been able to measure 
changes in both inelastic scattering and incoherent elastic scattering from rough surfaces 
unambiguously. Mason and Williams have used this ability to study damage to the 
Cii(OOl) from ion bombardment (Mason, Caudano et al. 1982), as well as the effects of 
adsorbates (Mason and Williams 1981,1983a,b, 1984b). 
7.5.2. Single Phonon Scattering Methods 
Single phonon scattering of helium atoms from surfaces has been investigated using 
TOP and analyzer crystal methods. A primary goal of such an investigation is the determi­
nation of the dispersion relations, co vs q\\ for the surface vibrational modes. For compari­
son with theoretically determined dispersion relations, the phonon frequencies must be 
determined at points of high symmetry. With this goal in mind, TOP and analyzer ci-ystal 
methods will be examined. 
Phonon dispersion relations may be deduced using energy and pseudo-momentum 
conservation. The loss in sample energy is 'H(£{q\\j] for single phonon creation events and 
-tioAqy] for single phonon annihilation. For collisions involving single phonons, energy 
conservation requires 
AE= ±'h(û[q\\j}. (1.08) 
For single phonon scattering by a crystal surface, pseudo-momentum conservation requires 
Q\\=8\\±Q\b (1.09) 
where g|| is a reciprocal lattice vector of the surface lattice. When g|| and qw are parallel, the 
scattering is said to be forward of the reciprocal lattice vector. When g|| and q\\ are anti-
piirallel, the scattering is called backward. 
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It is useful to determine the locus of points in (Q||, AE) space which may be ob­
served for a given (p, \j/, and kg. This locus is represented by the 'scan curve' AE[Q^\. 
The scan curve may be determined from the kinematic relations, 
The scan curves are thus parabolas in {Q\\, AE) space with origins at {-kg cos| i//J, -Eq). 
When these parabolas intersect an extended zone phonon branch, scattering is kinematically 
allowed. 
I.B.3. Time of Flight Method 
In TOP experiments, a chopped beam is incident upon the crystal. Figure 1.04 
shows a typical TOP arrangement. The signal at a fixed detector is collected, with care 
being taken to record the time dependence of the signal relative to the phase of the spinning 
chopper. Helium scattered toward the detector will arrive after a time 
where xq is the chopper sample distance and x; is the sample-detector distance. The veloc­
ity of the incident beam is vq', the velocity of the scattered beam is vj. For supersonic 
beams, vq is known accurately. Thus, the arrival time of the beam at the detector may be 
used to deduce vj. The magnitude of the scattered wave vector is deduced using 
cos2[0-V/]' X:ocos[iX]/ (1.10) 
sample 
\ normal 
source and 
chopper ^  
Scattering plane detector 
Figure 1.04 Illustration of the time of flight method. 
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(1 .12)  
where t(pxo-vor^- With ko and k] known, equations 1.08 and 1.09 determine Q\\ and AE 
for observed maxima in the TOF spectra. 
If the dispersion can be estimated with sufficient accuracy, the scan curve (equation 
1.10) may be used to choose scans which intersect the dispersion curve at a value of Q\\ 
close to a point of high symmetry. Barring a perfect estimate of the phonon branch or a 
fortuitous accident, the measured Q\\ will not correspond precisely with a point of high 
symmetry. In practice, the dispersion at points of high symmetry must be estimated from 
the set of observed points {Ct)[j2||] )• 
I.B.4. Analyzer Crystal Method 
As with the previous example of TOF scattering, a supersonic beam of known kfl is 
assumed to be incident upon the sample. Likewise, it is assumed that the scattering plane 
contains the sample normal and a symmetry axis. Figure 1.05 illustrates this method. 
Some fraction of the incident beam, which lies on the scan curve (equation 1.10), will be 
detector 
normal i sample 
\ I axis 
source 
, analyzer 
Scattering plane | axis 
Figure 1.05 Illustration of the analyzer crystal method. 
12 
scattered through an angle 0 toward the analyzer crystal. Diffraction by the analyzer ci-ystal 
is used to scatter helium of a selected ki toward the analyzer. This allows the experimental­
ist to adjust the spectrometer to observe sample scattering for a selected value of Q\\ and 
AE. Scans may be performed by measuring the intensity for a series of points iQ\\,AE)i in 
reciprocal space. Commonly, the points iQ\\,AE)i are chosen to lie on straight lines in 
{Q\\,AE) space. If Q\\ is fixed and only the energy is varied, the scan is called a constant-
Qw scan. The constant-Qn scan is perhaps the most useful of these scans, as it allows the 
branch to be measured at points of high symmetry. 
The measured intensities from such a scan are collectively called the helium group, 
in analogy with the neutron groups observed using triple-axis neutron spectrometers. If the 
experimentally chosen trajectory intersects a phonon branch, inelastic scattering by the 
phonon is kinematically allowed. If the phonon produces a reflection of measurable 
intensity, the peak will be seen in the helium group. From the peak center, it is possible to 
deduce the point where the phonon branch and the scan line intersect, e.^., the phonon 
frequency for a constant-Qn scan. 
The fundamental distinction of analyzer crystal and TOP methods can be clearly 
stated. The data of fundamental interest are the phonon frequencies at selected points of the 
Brillouin zone, e.g., points of high symmetry. Using analyzer crystal methods, these 
frequencies are measured. Using TOP methods, these frequencies are inferred from nearby 
points. This essential difference between these methods is now clear. 
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IL THEORETICAL CONSIDERATIONS 
II.A, Motivation 
The success of an inelastic experiment requires that a helium group of measurable 
intensity is scattered by the phonon mode under investigation. This intensity is determined 
by the convolution of the differential reflection coefficient (equivalently, the differential 
cross section) with the instrumental resolution function. In this chapter, the theory of 
helium atom-surface inelastic scattering is reviewed. This summary is based largely upon 
previously published reviews (Stassis 1986; Black 1990; Celli 1990; de Wette 1990; Colli 
1991), with minor modifications to keep the notation consistent. A primary goal of this 
survey is to compare the surface and bulk cases. With care, concepts of proven utility in 
neutron scattering experiments may be applied to helium scattering experiments. 
There are several useful analogies between inelastic helium scattering by surfaces 
and inelastic neutron scattering by bulk samples. To exploit the analogy, relations for both 
helium scattering and neutron scattering are reviewed. This approach also serves the useful 
purpose of pointing out differences between the two experimental probes. These differ­
ences can be attributed to either the reduced symmetry of surface scattering or the relatively 
complicated interaction potential of helium atoms with the sample. 
The remainder of this chapter is divided into three sections. The next section briefly 
reviews the lattice structure of both bulk samples and surfaces. In section II.C, elementary 
concepts of lattice dynamics are summarized. In section II.D, scattering cross sections and 
experimental guidelines are discussed. 
II.B. Crystal Structure 
Before examining lattice dynamics, the equilibrium structure of crystals is re­
viewed. The equilibrium atomic structure of ciystals can be produced by repeating identical 
cells in a regular fashion. The smallest such cells are denoted as primitive. The Bravais 
lattice is the set of translations characterizing the arrangement of unit cells in the crystal. 
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When the bulk properties of a sample are studied, a three-dimensional Bravais 
lattice, 
r[l\=lia2-\rl2a2+l3(i3, (2.01) 
is appropriate. The basis vectors, ai, of the lattice describe translations between adjacent 
unit cells. The lattice index is specified by the integers l=il},l2>h)- The set of points which 
is closer to a given lattice site than any other constitutes the Wigner-Seitz cell for that point. 
Each Wigner-Seitz cell has a volume 
VwSc=^oritt2Xa3)\. (2.02) 
The union of the Wigner-Seitz cells associated with all lattice sites exactly fills the three-
dimensional space of the crystal. 
The structure of a solid is specified by the Bravais lattice and location of the con­
stituents in the Wigner-Seitz cell. For studies of lattice vibrations, this requires that loca­
tions of all nuclei in the unit cell be given. The location of the nucleus in the 
Wigner-Seitz cell is given by 
r[l,k]=r[I] +r^^[k] +u[1,k], (2.03) 
where r^^[k] is the equilibrium position of the particle in a unit cell and u[ I k\  is the 
displacement from equilibrium of the particle in the f/" unit cell. 
For the case of surface scattering, the two-dimensional Bravais lattice is 
r\\[l\\]=ha]+l2a2, (2.04) 
where «7 and 02 must be in the surface plane. The basis vectors 0/ and 02 of the lattice 
need not be identical to the basis vectors of the bulk of the same crystal. The z-axis is 
assumed to be normal to the surface. Commonly, the surface is placed at z=(), with the 
crystal extending into the lower half-space. If r=ix,y,z), r||=(xj,0) is the projection of r 
onto the surface plane. The Wigner-Seitz cell is thus a semi-infinite right prism, nomial to 
the surface. 
The particles in each unit cell may be divided into repeating layers. Each layer is 
identified by the index i3. As with the bulk case, nuclei may be uniquely identified by the 
triplet l=(l},l2>h) and the index k. The nuclear positions are given by 
r[/K']=r|i[/ii]+ro[/5/c]-l-«[/K-], (2.03) 
where /=(/||,/5) specifies both the unit cell and the layer, /cidentifies the atoms in a given 
layer and unit cell. 
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The reciprocal lattice of the three-dimensional Bravais lattice {rf/|} may be defined 
as the set of all points g which satisfy 
g-r[l]=2Km, (2.06) 
where m is an integer. The reciprocal lattice points obey 
g=hibi+h2b2+h3b3^ (2.07) 
where hi are integers and ôi=ey^(fljXok)-(V\ysc)~^-
The reciprocal lattice of the two-dimensional Bravais lattice {i*||[/iil} includes all 
points g|| which satisfy 
gl|-r||[/||]=27tm, (2.08) 
where m is an integer. The reciprocal lattice points have the form 
g\\=hibi+h2b2. (2.09) 
The basis vector of the reciprocal lattice may be calculated using bi=eijk(ajXak)-(A\YSc)~^ • 
where as is the surface normal and is the area of the Wigner-Seitz cell in the 
surface plane. Notice that any point g=(g||,gj.) must be considered an element of the recip­
rocal lattice. The Brillouin zone for the LiF(OOl) surface is shown in Figure 2.01(b). 
A Brillouin zone is associated with each reciprocal lattice point. The Brillouin zone 
is defined as the set of all reciprocal points which lies closer to the selected lattice point than 
F" 
Z84Â 
Figure 2.01 (a) The LiF(OOl) surface and (b) the associated reciprocal lattice. The 
shaded region in (b) represents the irreducible zone. 
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to any other reciprocal lattice point. One wishes to characterize the fundamental excitations 
{e.g., phonons) of a periodic system for all points within the Brillouin zone. Since the 
Brillouin zone possesses the symmetry of the reciprocal lattice, one only need to determine 
the values within the irreducible zone. By using the symmetries of the reciprocal lattice, 
this irreducible zone may then be mapped onto the entire Brillouin zone. 
U.C. Lattice Dynamics 
Following the standard development of the equations of motion for the nuclear 
positions in a solid, the Born-Oppenheimer (adiabatic) approximation will be assumed. 
The Hamiltonian for the nuclear positions is 
H[[ri.pi}]:={[pml2mi]) + V[{r/}]+£e[{r/}]. (2.10) 
The effective potential energy of the solid contains V[{r, }], the nuclear interaction poten­
tial, and the electronic energy of the solid. The collective nuclear positions are 
denoted {r/}. The key challenge is the evaluation of the effective nuclear potential, 
0[{r/}] = V[{r/)]+£J{r,}]. (2.11) 
Once a potential is developed, either from first principles or empirically, the equations of 
motion and the vibrational modes of the solid may be calculated. 
The effective nuclear potential may be expanded about the equilibrium positions of 
the nuclei. The result is 
O—Oo= Oq[Ik]u(x[Ik] 
iKa 
+ EE <I>ap[lK;rK']Ua[lK]up[rK"]+... 
iKaivp ' (2.12) 
where the force on the (Ik)'^ particle in the a direction is determined by 
9^0 \ 
0Ua[lK]/o (2.13) 
and the force constants are given by 
a<D \ 
Oo([Ik]E 
<I)ap[lK;rK']= 
'^3uc([lK]3up[rK']/o. (2.14) 
For a nucleus in its equilibrium position, the force acting upon it must be zero. To lowest 
order, the Hamiltonian is quadratic in the nuclear displacements. The resulting equation of 
motion is 
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X e+[K;qj]e[K;qj']=6^j m.21) 
K 
The bulk phonon modes are classified according to the behavior of their frequency as <y=>0 
and their polarization. There are always three acoustic modes, for which the frequency 
goes to zero as ^=>0. The remaining (Sk^ox-^) optical modes have a non-zero frequency 
throughout the Brillouin zone. The phonon polarizations are called transverse if qle or 
longitudinal if qWe. 
The vibrational modes of the surface may be derived in a similar manner. Since the 
symmetry of the surface is only two-dimensional, the symmetry arguments used to evaluate 
the force constants are weakened. The unit cells associated with each surface lattice point 
are much larger than those associated with each lattice point of the bulk lattice. For a slab 
of Lj layers, there are Kniax'L>3 particles in each cell so ?cis replaced by i3k. Functionally, 
this means that I is replaced by /|| and fcis replaced by i3k. 
For a slab L3 layers thick, there are 3Kfnax ' ^ 3 phonon modes. At each value of q\\ 
within the first Brillouin zone, each mode is characterized by a frequency (eigenvalue) and 
a polarization (eigenvector). As with the bulk case, these modes may be degenerate. The 
polarization vector for these modes is normalized 
Z £"'"[^3 K;qJ]e[l3 K;qJ']=ôjj- p ^^. 
K 
For the majority of vibration modes of the slab, there is littie variation in le| /j'^|l with the 
layer index i3. These are the bulk modes. For several modes, le[/jK"]l=^() with increasing 
i3. These are true surface modes. Finally, there are modes where |£[/jk"JI attenuates with 
increasing /j, but does not go to zero. These are mixed modes. For helium atom scattering 
experiments, the surface modes and, to a lesser extent, the mixed modes are of interest. 
While helium scattering by bulk modes has been observed, the scattering does not usually 
fomi sharp peaks. In any case, these modes are properly investigated using inelastic 
neutron scattering. 
Like bulk modes, surface modes are classified as acoustic or optical. However, the 
polarizations are usually referenced to the sagittal plane, which by definition includes the 
propagation vector <711 and the surface normal, n. Surface modes with polarization perpen­
dicular to the sagittal plane are called shear horizontal. Within the sagittal plane, modes 
20 
In this equation, 
Vcell is the unit cell volume, 
kQ is the incident wave vector, 
k\ is the scattered wave vector, 
Q=ki-ko is the scattering vector (transfer momentum), which must satisfy 
q,j are the wave vector and mode index of the phonon, 
co[g,j] is the circular frequency of the phonon, 
n[qj] is the mean phonon occupation number, and 
5[6] is the inelastic structure factor. 
The delta functions insure that energy and pseudo-momentum are conserved. Specifically, 
the transfer momentum must satisfy G=g±g. The transfer energy must satisfy AE=±tiO), 
where (+) is for phonon annihilation and (-) for phonon creation. 
(2.25) 
The inelastic structure factor is given by 
S[6]=2 e^xi{-Q • r^exp[-W^ 
K 
where 
rriK is the mass of the atom of the unit cell, 
6XT is the coherent neutron scattering length, 
E/c is the polarization vector for the atom, 
is the Debye-Waller term, and 
u K is the mean displacement of the /c''' atom. 
The population factor is given by («[</,/] ±112+112), where (+) corresponds with 
phonon creation and (-) with phonon annihilation. This favors experiments of phonon 
creation events. Furthermore, the cross sections are seen to be larger for low energy 
phonons. For low lying modes, where 'Ha«kT, the population factor varies as û)~K Thus, 
the cross section is expected to vary as co~^. 
The Q ex- term has proven to be a practical method to distinguish various phonon 
modes. Frequently, symmetry arguments may be used to show that a given mode must 
have either a transverse or longitudinal polarization. In either case, it is possible to perfonn 
experiments which maximize the intensity of the desired mode (Stassis 1986). 
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II.D.2. Helium Scattering at Surfaces 
For helium atom scattering by a surface, the interaction potential is considerably 
more complicated. At intermediate distances, e.g., ten Angstroms from the sample, the 
atom experiences attractive London forces. At approximately three Angstroms, the overlap 
of the closed-shell electronic states of the helium with the surface electronic states produces 
a strong repulsion. The repulsive term is sufficiently strong that helium is primarily scat­
tered by the top atomic layer of the solid. This makes helium scattering exquisitely surface 
sensitive. 
The coupling between the nuclear positions and the helium atom is mediated by the 
valence electrons. Commonly, the interaction potential is assumed to be the sum of two 
body interactions between the helium atom and the atoms (or ions) of the solid 
V[rl=X v[r-rj 
This last assumption is quite reasonable for ionic solids, such as lithium fluoride (Celli, 
Eichenauer et al. 1985; Eichenauer and Toennies 1988). This assumption has also been 
applied to helium scattering by metal surfaces, where the theoretical justification for such an 
approximation is weaker (Celli, Benedek et al. 1984; Eichenauer, Harten et al. 1987). It is 
also assumed that the potential may be divided into a static term, evaluated at the equilib­
rium positions of the nuclei, and a dynamic term, 
V[r]=V('0[r]+V(dyn)[r,[ui}l (2.27) 
With these assumptions the elastic and inelastic scattering intensities may be calculated. 
The elastic scattering intensities may be calculated from the static potential. The 
scattered intensities are determined from the eigenvalues of Scrodinger's equation, 
I . (2.28) 
\ 2m 
The energy of the incident helium atom is given by 
Eo=^ko-kQ, 
2m 
Scrodinger's equation may be rewritten 
(vVjto2-[/(^'>[r])v/[r]=0 (2.29) 
where U=2mV- To account for the attenuation from zero-point motion and thennal 
displacement, the resulting elastic intensities may be reduced by a Debye-Waller temi. 
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Since the static potential is periodic in the surface plane, it is convenient to introduce 
lateral Fourier series expansions of both the interaction potential and the wave function. 
The potential is given by 
[/(^0[r]=^ t/(sO[/i||;z] exp{-g\yr\^ 
/ill • 
The wave function is also expanded using the lateral Fourier series expansion, 
#r]=% AvK5c"^A:[h|i;z] exp[-gwr\{\ 
All 
In both of these expressions, the terms in the expansion are associated with the reciprocal 
lattice point identified by the integers h\\=(hi,h2). The vector g||[/f||| is given by equation 
2.09. Substituting these Fourier expansions into Scrodinger's equation yields a set of 
close-coupling equations (Chow and Thompson 1976), 
' /J 11 / A'H . (132) 
In this equation, is the normal component of the scattered wave vector. 
^i[/f||]=VAo2-(to+gii[A||]F (2.33) 
For open channels, where is real, diffraction is kinematically allowed. The 
wave functions for open channels have the asymptotic limit 
X[h\\\z\ 5hn,Gexp[ikQjJ\ +A[h\\\exj{-iki\}i\\\z] 
, (Z34) 
where /4[/jii] is the scattering amplitude for diffraction into the open channel. The 
scattering probability is given by 
(2,35) 
The wave functions are normalized so the probabilities for elastic scattering sum to one. 
To calculate the scattering amplitudes accurately, several closed channels should be 
included. For these closed channels, kjj_h\\] is imaginary. The boundary conditions arc 
X[hw,z]-^ A[h\\] exp[-K^z] 
z-)oo , (2.36) 
where Kj^[/j||]=//M[/:j^[/j||]]. Closed channels correspond with the bound states first 
described by Lennard-Jones and Devonshire (Lennard-Jones and Devonshire 1936b). 
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Since bound state resonances can significantly affect diffraction intensities, it is usually 
necessary to include several closed channels in calculations of diffraction intensities. 
Numerical integration of the close-coupling equations (2.32) with the described 
boundary conditions has yielded accurate estimates of scattering intensities under a variety 
of conditions. Details of these calculations for the LiF(OOl) surface are discussed by Celli, 
Eichenauer et al. (1985). This reference also includes a discussion of Debye-Waller 
attenuation for the LiF(OOl) surface. 
Using the wave functions for elastic scattering, the inelastic scattering intensities 
may be calculated using first order perturbation theory. The unperturbed eigenstates are 
given by the helium eigenstates, which may be determined by the close-coupling method, 
and the occupation numbers of the phonon states. With these assumptions, the reflection 
coefficient for inelastic scattering (Celli 1990,1991) is given by 
^ y • , S[Ex-Efftnœ] 
dEdQ 
2  2 ,  
colqwJ] Z (inhK-^'^Fi.K-^^.Kexpl-Wi.K]] hK (2.37) 
The force exerted by the /jfcatom on the scattered helium atom during the collision is 
I dz X*['i|i;zlFl,K[tlll-4oirSi'i+Sii';zlX[''li;zl 
The wave functions determined by the close-coupling method are used to detemiine this 
force. The term Fi3k[9ii;z] is the lateral Fourier transform of the force between the (/jK')^'' 
atom and a helium atom at point r. This force may be estimated from the static potential 
F i3K[''~n3K]=-V • (2.39) 
The interaction potential, and thus the force, is usually set to zero for all layers other tlian 
the top, i.e., /j=0. 
By comparing the cross section for neutron scattering with the reflection coefficient 
for helium scattering, guidelines developed for neutron scattering may be adapted to helium 
scattering. The dependence upon phonon frequency, given by the population factor and the 
0)-^ term, is identical in the expressions for phonon scattering of either neutrons or helium 
atoms. The advantages of observing phonon annihilation due to the increased population 
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factor remains intact. This effect has been observed experimentally (Eichenauer, Harten et 
al. 1987). In addition, a second 'cut-off effect, further decreases the scattered intensity for 
acoustic phonons near the zone edge. This effect is described below. 
The helium-phonon coupling is mediated by the surface electronic states, which 
may be delocalized. Thus, the electrons are expected to interact with several atomic cores. 
When the motions of adjacent nuclei are strongly out of phase (as is the case with optical 
modes or acoustic modes near the zone boundary), the surface electrons may interact with 
several nuclei, effectively smoothing out the surface. In reciprocal space, this effect atten­
uates the helium-phonon coupling, particularly for acoustic phonons near the zone bound­
ary and all optical phonons. This has been called the 'cut-off effect (Annand and Manson 
1984). The 'cut-off effect explains the inability to observe helium scattering by the optical 
modes in metals, since the scattering intensity is significantly reduced. Optical modes have 
been observed in alkali halides, where the electrons are highly localized and the 'cut-off 
effect is minimized. 
There is a useful analogy between the dependence of the neutron scattering 
cross section and the dependence of the helium scattering reflection coefficient. 
Intuitively, the similarity can be seen by recalling that the transfer momentum must equal 
the integral of the net force over the interaction time. 
Except at glancing angles, the largest component of the force upon the helium atom is nor­
mal to the surface. For experiments in the sagittal plane, the usual orientation, interactions 
with shear horizontal modes are forbidden. Coupling is greatest between helium and 
phonons with sagittal polarizations, particularly modes with SV polarization. This includes 
the Rayleigh mode. 
For inelastic scattering by the Rayleigh mode of the LiF{001} surface, these theo­
retic considerations are of limited use in planning experiments. Clearly, phonon creation 
(energy loss) near the zone center will produce relatively intense inelastic peaks. For 
energy loss events, kinematic focusing effects are expected to favor scattering with Qy 
'behind' the elastic peak g||, i.e., Q\\=g\\-q\\ (Celli 1991). 
(2.40) 
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III. THE HELIUM SCATTERING FACILITIES 
The double-axis spectrometer has been designed for elastic and inelastic helium 
scattering experiments by solid surfaces in an ultra high vacuum (UHV) environment. 
Construction began in 1987, and by July of 1990 the spectrometer was ready for its initial 
tests. The helium scattering facility, including the double-axis spectrometer, has been built 
and operated under the leadership of C. Stassis. Most of the design and fabrication was 
directed by R. S truss. During the initial stages, W.-Y. Leung contributed significantly to 
the design and construction. The tests of the spectrometer have been performed by C. 
Stassis, C. Nielsen and the author. In addition, C. Nielsen and the author have been 
largely responsible for the inevitable repairs and modifications to the facility. The 
spectrometer design, and the required modifications, are described in this and subsequent 
chapters. 
The major components of the helium scattering facility at Iowa State University are 
sample loading cross 
analyzer preparation chamber 
differential 
pumping 
stages sample 
table 
analyzer 
table 
detector 
assembly 
source 
meter 
central pedestal 
Figure 3.01 Cross-section of facility along incident beam axis. 
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illustrated in Figures 3.01 and 3.02. The facility may be conveniently divided into a source 
assembly, a scattering chamber, and auxiliary chambers. The source assembly includes all 
components needed to produce a collimated atomic beam, e.g., a nozzle assembly, a skim­
mer, a collimator, and various vacuum pumps. The source assembly is connected to the 
scattering chamber by a flexible bellows. The scattering chamber contains the spectrometer 
and provides the high vacuum environment needed for surface experiments. In addition to 
the double-axis spectrometer, the scattering chamber also contains a translatable beam 
collimator and a direct beam monitor. 
The double-axis spectrometer is novel in that both scattering angles may be 
scanned. In previous double-crystal instruments (Frisch and Stern 1933b; Mason and 
Williams 1978), the advantages of variable scattering angles were sacrificed to simplify 
construction. However, with the advance of vacuum technology, the design of spectro­
meters with variable scattering angles has become feasible. The design of such an instru­
ment is quite complex. Much of this chapter is devoted to the description of the various 
mechanisms of the spectrometer. 
Three additional vacuum chambers are included in the facility. A sample prepara­
tion chamber provides facilities for Auger spectroscopy and low energy electron diffraction 
{LEED) facilities for sample analysis. An argon ion bombardment source facilitates sample 
surface cleaning. This chamber and its components are the subject of C. Nielsen's Masters 
Thesis. Since these procedures are of little use in the current investigations with lithium 
fluoride, the preparation chamber has not been installed. 
The dimensions and locations of several critical components along the beam path 
are listed in Table 3.01. These components are also shown in Figure 3.01 ; the distances 
along the beam line are to scale in this figure. The estimates of the spot sizes listed in Table 
3.01 are based upon the assumption that the beam expands from a point source located at 
the nozzle. This is likely to underestimate the spot size slightly. 
III.A. Source Assembly 
The source assembly incorporates the components needed to produce a collimated 
helium beam. The nozzle assembly and the resulting free jet are located within the first 
vacuum stage of the assembly. The skimmer which extracts the helium beam from the free 
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jet is located between the first and second stages of the system. Following the second 
stage, the beam enters the third vacuum stage via collimator Coa. 
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Figure 3.02 Schematic illustration of helium scattering facility. The meaning of the 
symbols is listed in Appendix E. 
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III.A .1. The Nozzle Source and the First Stage Vacuum Chamber 
High purity helium gas (Air Products Research Grade) is supplied by a regulated 
high pressure bottle, limiting nozzle pressures to approximately 100 bar. An in-line filter 
(Matheson Gas, model 61884 T4 FF) removes particles with diameters greater than 0.2 |im 
to prevent particulates from plugging the nozzle. Higher source pressures may be obtained 
using a two stage compressor (Fluitron, model ADDC-400/200) capable of pressures of 
2500 bar. However, the platinum-iridium (95%-5%) alloy nozzles are damaged if the gas 
pressure exceeds 1500 bar. Electron microscope images of the nozzle show that the nozzle 
eroded from a nominal 10 nm diameter to 22\im after operating at these high pressures. 
The nozzles used to produce the helium beam are 10 |im diameter SEM apertures 
(Balzers). This aperture is mounted on the front of a hollow Cu-Be cylinder, which pro­
vides the stagnation volume. The front of this cylinder is supported by a two-axis gimbal 
mount, allowing the nozzle orientation to be adjusted. The source assembly is mounted to 
a commercial precision manipulator (Thermionics Vacuum Products, model 202.5-1-1), 
allowing the nozzle position to be adjusted relative to a fixed skimmer. The nozzle-
skimmer distance may nominally be adjusted from 12.7 mm to 38.1 mm. 
Table 3.01 Dimensions of helium source and spectrometer 
Component distance to... width or spot size of direct beam 
source sample analyzer dia. (mm) incident exiting 
nozzle 0.0 598.8 1060.8 0.01 0.01 
skimmer 30.5 568.3 1030.3 0.21 0.21 
collimator Cftj 102.7 496.1 958.1 1.00 0.85 0.85 
collimator Cob 500.4 98.4 560.4 2.03 3.97 2.03 
sample axis 598.8 462.0 2.43 n/a 
collimator Cj 830 231 231 3.18 3.37 3.18 
analyzer axis 1060.8 462.0 4.06 n/a 
collimator C2 1368.7 770.0 308.0 9.80 5.24 5.24 
ionizer 1692.3 1093.5 631.5 6.35 6.48 6.35 
all distances in millimeters, these measurements use a source X vernier reading of 0.700 
inches 
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The nozzle flux is limited by the pumping speed of the first stage diffusion pump. 
To allow high intensities, a 6,2001/s diffusion pump (Varian NHS-35) was chosen. This 
diffusion pump is backed by two Roots blowers (Edwards, EH-1200 and EH-250) and a 
rotary vane mechanical pump (Stokes, 212H), all connected in series. However, for the 10 
|im diameter nozzle currently used, the practical limit for the throughput is the 1500 bar 
pressure limit of the nozzles. The high pumping speed results in lower first stage pres­
sures, minimizing attenuation by background gas. This also allows greater nozzle-skimmer 
distances than are commonly employed. This is expected to reduce beam attenuation by 
skimmer interference. The beam skimmers (Beam Dynamics, Model 1, diameter 206|am) 
are designed to minimize skimmer interference (Gentry and Giese 1978). Less than one 
percent of the free jet contributes to the beam formed by the skimmer. To prevent undue 
attenuation of the free jet by scattering with the background gas, the pressure in the first 
stage must remain below 10"^ mbar. 
A closed cycle, two-stage helium refrigerator (CTl-Cryogenics, 1020C Cryodyne) 
may be used to lower the nozzle temperature. This allows the incident energy of the helium 
beam to be adjusted. A copper braid keeps the first stage of the cold head in themial con­
tact with the stagnation volume. To minimize radiant heat losses, the cylinder is sur­
rounded by a copper shield which is kept in thermal contact with the second stage of the 
cold head. The stagnation volume may also be heated by a resistance heater. While the 
refrigerator is running, the equilibrium temperature is determined by the net flow of heat 
determined by both the heater and refiigerator. As of this writing, all tests have used a 
room temperature beam; the temperature control has not been tested. 
Ill A .2. Differential Pumping Stages and Beam Extraction 
A 206 nm skimmer extracts the beam from the free jet. The beam then passes into 
the second stage. The second stage is pumped by a 320 mm diameter diffusion pump 
(Balzers, model DIF-320), baffled with a liquid nitrogen cold trap. The diffusion pump is 
backed by a Roots blower in series with a rotary vane pump (Balzers, model DUO ()60B). 
Originally, a second skimmer (460 |Lim) was used between the second and third 
stages. However, it was replaced by a 1 mm orifice in order to simplify alignment. The 
third stage provides the final differential pumping before the beam entered the scattering 
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chamber. This stage is pumped by a 330-1/s turbomolecular pump backed by a rotary vane 
pump (Balzers DUO-060B). 
III.B. Mechanical Design of the Double-Axis Spectrometer 
To perform double-axis scans, the spectrometer must be able to accurately position 
the sample, analyzer, and the detector assembly. This requires that two axes be defined 
and the motions of the sample, analyzer crystal, and detector be constrained to rotate pre­
cisely about these two axes. The first axis, called the sample axis, is the fixed center of 
rotation of both y/, the sample angle and (p, the main arm angle. The second (analyzer) axis 
is the axis of rotation of %, the analyzer crystal rotation and (pa, the detector arm rotation. 
The analyzer axis is constrained by the main arm to move within an arc about the sample 
axis. Both axes are normal to the scattering plane. 
The central pedestal defines the plane of the spectrometer. The pedestal is con­
structed on a fourteen inch knife edge flange bolted to the scattering chamber. Despite six 
inch ribs to increase rigidity, the base of the scattering chamber bows inward significantly 
when the chamber is evacuated. This effect causes the rear of the spectrometer to rise sev­
eral millimeters as the chamber is evacuated. For the case ^90°, the changes of elevation 
are shown in Figure 5.01. When adjusting the elevation of the detector assembly, it is 
necessary to compensate for this motion. 
All spectrometer motions are driven by stepper motor assemblies. Except for the 
sample rotation (y/) and the main arm rotation (0), the motor assemblies arc sealed within 
stainless steel envelopes. This design prevents the gas evolved during motor operation 
from affecting the crystal surfaces in the scattering chamber. Figure 3.03 shows a typical 
assembly for rotary motions. Similar assemblies were constructed for linear motions. The 
linear morions were generated by a lead-screw assembly. A welded bellows seals the 
assembly while transmitting the linear morion. Figure 3.04, of the sample table, includes a 
cut-away view of a linear motor. 
III.B.I. Sample Table 
The sample table determines the orientation (\\f, a, t) and translations (X, Y, Z) of 
the sample. All of these motions may be independently controlled by the operator via six 
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motor 
: rotary feedthrough for sample rotation 
Figure 3.04 Assembly drawing of the sample table. 
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A two-stage differentially pumped feedthrough was built to connect the scattering 
table with the external stepper motor. The design of this feedthrough is shown in Figure 
3.05. During operation, the differentially pumped feedthrough contains two evacuated vol­
umes connected by a vacuum valve. The upper volume is pumped by a 2 1/s ion pump. 
The lower volume is pumped by a small turbomolecular pump, backed by a rotary-vane 
mechanical pump. With this assembly, sample \|/ scans indicate a precision on the order of 
0.01°. 
A three axis (X-Y-Z) translation stage, located immediately above the base, is raised 
and lowered to adjust the sample elevation. All three translations are constrained by bail 
bushing assemblies and driven by the previously described encased motor assemblies. All 
motor assemblies use the Arundel A23.1 motors. Originally, lower torque A13.1 motors 
flange to 
pumping 
system 
worm wheel 
wlf 
V'V///\ 
drive shaft with slot for Itey 
mounting flange 
region evacuated 
by 21/s ion pump 
\y region evacuated 
by turbo pump 
mounting plate for 
stepper motor 
- -Lr 
O 
Figure 3.05 Vacuum feedthrough constructed to provide sample rotations. 
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were used on theX and Y motions. However, these translations proved to be unreliable. 
By replacing these motors with the larger A23.1 motors, the reliability improved 
significantly. 
The sample holder rests upon a small platform, constrained by two alignment pins. 
The tilt and azimuthal angle of this platform may be adjusted by the upper assembly of the 
sample stage. The tilt is determined by the position of a rotating cam relative to a pin which 
rotates with the azimuthal stage. Thus, the tilt is determined by the relative displacement of 
the tilt and azimuth worm wheels. If the zero position of the tilt motor is defined when the 
assembly is in the neutral position, the tilt of the sample is given by T=8.3°sinir+/\|. T and 
A represent the rotations of the worm wheels proving the tilt and azimuthal rotation. If the 
azimuthal angle is changed, both the tilt and azimuth motors most be driven an equal 
number of steps. 
The tilt and azimuthal assemblies use hollow cylinders (ID = 1.75"), so the beam 
may freely pass through the assembly when Y~ 0°. This feature facilitates direct beam 
scans or analyzer-only scans. 
III.B.2. Analyzer Table 
The analyzer table (Figure 3.06) provides five degrees of freedom for the analyzer 
crystal. To simplify construction, the elevation of the analyzer crystal was fixed. The 
intended analyzer crystal face, LtF(OOl), may be purchased with 30x30 mm faces. The 
mechanical accuracy should easily be sufficient to insure that the beam would hit such a 
large target. 
The tilt mechanism of the analyzer stage is simpler than that of the sample. Because 
of this simplification, the center of the analyzer stage is not hollow. In order for the beam 
to pass the analyzer stage, it is necessary to drive the stage to the rear of its Y travel and 
rotate the analyzer primary rotation so the beam passes the analyzer at a grazing angle. 
Occasionally, this may not be sufficient. In this case, it was found useful to remove the 
analyzer, rotate the azimuthal angle to approximately 30°, and withdraw the analyzer cradlc, 
using the tilt adjustment. This peculiar orientation allows the beam to pass between the 
forks supporting the analyzer cradle. 
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ni.B.3. Detector Assembly 
The detector assembly (Figure 3.07) is perhaps the most complicated movable, in-
vacuum detector found in any atomic beam scattering facility. In addition to housing a 
main detector in a turbomolecular pumped volume, two differential pumping stages are also 
provided. A fourth volume contains the turbomolecular pumps, as their exteriors are not 
UHVcompatible. The entire assembly is mounted to the analyzer arm via adjustment 
screws. This requires that some means must be found to position the detector assembly 
optimally. 
The main detector consists of a high-efficiency ionizer (Extranuclear model 011-1), 
a quadnipole mass filter (Extranuclear model 4-162-5,19.0 mm rod diameter), and a chan­
nel electron multiplier (Galileo model 4870E). The channel multiplier is operated in a pulse 
counting mode. The output of the multiplier is connected to a fast preamplifier (Ortec 
model 9301) via a 45 cm coaxial cable. The amplified signal is transmitted to a single 
worm wheel for azimuthal rotations 
analyzer 
craddle. 
motor 
X-Y table 
worm wheel for 
analyzer rotation 
detector ami 
main arm 
Figure 3.06 Assembly drawing of the analyzer table. The sample is located to the left 
and the detector assembly is immediately to the right of this area. The analyzer table, as 
well as the detector assembly are carried by the main arm. 
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channel analyzer (Ortec, model 584) located outside the scattering chamber. The resulting 
counts may be monitored by computer or manually. 
Two flexible hoses (38 mm diameter x 2.4 meter long) connect the detector assem­
bly with feedthrough spools located on the floor of the scattering chamber. One hose pro­
vides the electrical and cooling water required by the turbomolecular pumps. The second 
hose provides the electrical connections for the detector. The later hose is pumped by a 
turbomolecular pump (Balzers TPH 050), which functions as the fore pump for the three 
turbomolecular pumps in the detector arm. A detailed description of these connections has 
been relegated to Appendix D. 
IIl.B.4. Computer Control 
A Digital Electronics Corporations LSI-11/70 computer is used for spectrometer 
control and data acquisition. The spectrometer control is accomplished by seven stepper 
motor control cards (Joerger Enterprises, model SMC-R), each of which is capable of 
driving two motors. There are no encoders, the only measure of the motions is provided 
Extrel Quadrupole detector 
ionizer 041-1 
quadrupole 7-234-9 
CEM Galileo 4870E 
i 
^Balzers 050 turbomolecular 
pumps 
Figure 3.07 Detector assembly. The preamplifier canister is not shown, but is located 
directly under the quadrupole assembly. Water and electrical connections are omitted for 
clarity. 
38 
by updating a database each time a motor is driven. In addition to driving the stepper 
motors, the computer may also be used to monitor the count rates of the detector. This task 
is performed by a timing card (Codar Technologies, model 140 M-Timer) which counts the 
number of TTL pulses produced by the scalar in a selected interval. 
Since the computer positions the spectrometer and monitors the detector signal, it is 
a straightforward task to automate the spectrometer operations and data acquisition. This is 
invaluable in inelastic scans, where both the calculations and the execution of the scans are 
tedious and prone to operator error. The details of these calculations may be found in 
Appendix C. 
III.C. Other Components of the Scattering Chamber 
III.C.l. Moîor-Driven Collimator 
During the initial test, the collimation of the incident beam was kept quite broad. 
This simplified the initial search for elastic reflections and minimized alignment difficulties. 
After successfully locating several elastic reflections, the incident beam collimation was 
improved by decreasing the size of the collimator opening and moving the collimator closer 
to the sample. The new 3.2 mm diameter collimator was inadvertently positioned off-axis, 
eclipsing most of the direct beam. The collimator was moved toward the incident beam, 
resulting in a more intense, broader specular reflection. These scans are shown in Figure 
4.03. Since there was no way of assessing that the newer position was optimum, it was 
uncertain whether further improvement could be gained by adjusting the collimator. 
This dilemma was resolved by constructing an in-vacuum X-Y table to position the 
collimator (Figure 3.08). This allowed the collimator position to be optimized during op­
eration. The design of the X-Y collimator table is based upon the X-Y sample table. The 
design was simplified by running the Arundel A23.1 stepper motors in vacuum, rather tlian 
encasing the motors, as was done on the sample stage. The X-Y table used Teflon journal 
bearings, rather than the stainless steel ball bushings used throughout the spectrometer. 
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Figure 3.08 Motorized collimator assembly. This apparatus is located within the 
scattering chamber, at the beam entrance port shown in Figure 3.01. 
III.C.2. Direct Beam Monitor 
The direct beam monitor is a relatively recent addition to the scattering chamber. 
The monitor consists of a commercial residual gas analyzer (Vacuum Generators, ARGA 
model) in a stagnation volume. The beam is admitted into the stagnation volume by a 2.0 
mm diameter aperture (K = 2.1). The entire monitor is mounted to an X-Y manipulator 
(Huntington, TS-275-1.55). This allows the monitor to profile the direct beam, examples 
of these scans are shown in Figure 5.02. These scans have been invaluable in the align­
ment of the source and direct beam collimators. The scans can also be used to estimate the 
spot size of the beam. In principle, the beam profiles may be used to determine the 
perpendicular speed ratio of the source (Beijerinck and Verster 1981). 
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During the alignment process, the scattering chamber was opened repeatedly. This 
means that the beam monitor was repeatedly contaminated. The gasses evolved as the 
gauge is heated must be pumped via the 2.0 mm diameter inlet hole. This resulted in pres­
sure bursts which exceeded 10"^ mbar. At pressures greater than lO"^ mbar, the perfor­
mance of the RGA was noticeably degraded. To obtain the lower pressures needed for 
reliable operation, the RGA was heated mildly with a hot air gun to degas the unit. 
III.C.3. Sample Loading Cross 
A small loading cross (Figure 3.09), which includes a small oven for sample 
annealing, was attached to the scattering chamber directly above the sample table. The 
cross contains a small oven, used for sample annealing. With the use of a 50 centimeter 
linear feedthrough, the sample may be transferred between the cross and sample table with­
out breaking vacuum in the scattering chamber. 
During the initial tests, this cross was not attached to the chamber. Following the 
annealing, the sample was transported to the scattering chamber. To the extent possible, 
the sample was kept in a nitrogen atmosphere. The samples produced sharp reflections, so 
to prep, chambe 
( VAT gate valve ] 
Balzcis 
TPU.330 
turbo pump elecrical Ir— 
connections ^CZ 
for sample oven 
manipulators 
Figure 3.09 Top view of sample loading cross. The cross is installed directly above the 
sample table, the sample may be lowered via the manipulator on the top of the cross. 
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this method was acceptable but certainly not ideal. 
The sample loading cross was installed above the sample table. The initial attempts 
to operate the transfer mechanism revealed several minor flaws in the design. Concurrent 
with improvements in the transfer mechanism, a sample was annealed and lowered into the 
chamber. The crystal was installed manually under a nitrogen atmosphere. While this pro­
cedure was again not ideal, it significantly reduced the sample's exposure to contamination. 
The following scans, using the freshly annealed sample, show an order of magni­
tude increase in the intensity of elastic reflections. The observed signal to background ratio 
also increased to approximately 200, a factor of two increase over any previous scans. 
These results strongly suggest that the poor sample conditions of the initial tests limited the 
attainable signal to background ratio. 
An analyzer preparation chamber has also been constructed and tested. This 
chamber containing a small oven and a carrousel to store up to four analyzer crystals. 
However, it has not yet been installed. 
III.D. Mechanical Support of the Source Chamber 
Both the source chamber and the scattering chamber rest upon a common frame. 
Four screws provide adjustment of the source chamber orientation relative to the frame. 
This motion is used to align the skimmer and the first direct beam collimator, which are 
rigidly connected to the source chamber. The alignment of this axis with the center of the 
sample table is critical to proper alignment. 
It is not reasonable to consider the two chambers to be rigidly connected. This was 
first demonstrated during adjustments to the source position. During these adjustments, an 
experimentalist must stand upon the support frame to reach the source manipulator. When 
the experimentalist climbed down following the adjustments, the intensity of the beam typi­
cally decreased several percent. 
The relative motion between the source chamber and the scattering chamber was 
investigated systematically. Machinists' gauges were installed to measure the relative 
motion of the scattering chamber and two support beams, which were tightly clamped to 
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the source chamber. When the gauges were installed, the author stood at approximately the 
location previously used to adjust the source. The measured deflection in chamber eleva­
tion was 0.02 mm. 
During normal operation, chamber evacuation and the thermal expansion of the dif­
fusion pumps produced displacements on the order of a tenth of a millimeter. To within the 
error of the measurements, the relative position of the chambers returned to their original 
values following these tests. Thus, these motions appear to represent elastic deflections. 
Since measurements are made under similar conditions, e.g., under full vacuum with the 
diffusion pumps nominally at operating temperature, an elastic deflection should have little 
effect upon measurements made during normal operation. 
The effect of the thermal expansion of the second stage diffusion pump was mini­
mized by supporting the pump with springs, rather than on rigid legs. This reduced the 
deflections due to the thermal expansion of this pump nearly an order of magnitude. 
Similar reductions may be obtainable by modifying the bellows connection between the 
first stage diffusion pump and the Roots blowers. 
III.E. Summary 
The various apparatus of the facility have been reviewed, with particular emphasis 
being given to the components of the double-axis spectrometer. The mechanical precision 
of the spectrometer is quite sufficient for elastic and inelastic experiments. Following sev­
eral modifications to the assemblies, the reliability is also acceptable. 
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Figure 3.10 Installing the scattering chamber (19 March 1987). After placing the 
chamber upon the frame, both the chamber and frame were raised. The author and several 
technicians of the Ames Laboratory are installing the legs of the frame. 
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p 
Figure 3.11 Scattering facility during initial vacuum bake of scattering chamber on 7 
September 1987 (upper photograph). During these tests, the vacuum in the scattering 
chamber was monitored by a Granville-Phillips ionization gauge (lower photograph). A 
pressure of 0.1x10-8 torr, the lower bound of the gauge, was recorded following the 
vacuum bake. During the bake, the average temperature of the chamber did not exceed 
125°C. C. Stassis and the author are visible on the right of the upper photograph. 
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mm 
Figure 3.12 Helium beam source during assembly. The upper photograph shows the 
sample manipulator and the refrigerator. The source and the base of the helium rcfrigenitor 
are shown in the lower photograph. The double-axis gimbal supporting the front of the 
source allows the source assembly to rotate about the nozzle. 
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Figure 3.13 Bench test of the spectrometer. The central pedestal, the sample table and 
the main arm are shown. When assembly was complete, the analyzer table and the detector 
arm were installed on the free end of the main arm. The bundle wires connecting the motor 
assemblies with the feedthroughs are OFHC stranded copper wire, which were hand fed 
through Refrasil® woven glass sleeves. 
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Figure 3.14 Installing the central pedestal. R. S truss is tightening the bolts of the base 
flange which support the spectrometer. The sample table and the inlet of the Balzers Tl'l 1-
5000 turbomolecular pump may be seen through the open flange. The sample loading 
cross is currently attached to this top flange, via a gate valve. 
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IV. INITIAL TESTS 
IV.A. Brief History 
Following the design and fabrication of the helium scattering facility, we began the 
initial scattering tests with the facility in the summer of 1990. One major obstacle prevent­
ing more rapid progress was the task of driving the spectrometer amis. In neutron spec­
trometers, spectrometer arms are rotated by large stepper motors via heavily greased womi 
assemblies. Commercially available, UHV stepper motors were designed for relatively 
light loads, e.g., manipulating samples and collimators. As a consequence, the torque out­
puts, typically 300 gram-cm,' are marginal for driving spectrometer arms weighing tens of 
kilograms. Since greases are forbidden in UHV environments (Roller 1988), the worm 
assembly must run dry. The increased friction between the worm and worm wheel further 
increases the torque requirements. Until June 1990, these torque requirements thwarted all 
attempts to drive the main arm precisely and reliably. 
In 1990, Arundel Microelectronics, Ltd., of Arundel, Sussex, developed an UHV 
drive assembly consisting of a stepper motor directly coupled to a 60:1 speed reducer. The 
large gear ratio provides ample torque to drive the spectrometer. As demonstrated in later 
tests, the main arm drives precisely and reproducibly. Figures 7.03-7.06 and 7.19 
demonstrate the precision of the main arm. 
In the fall semester of 1990, the helium beam spectrometer was shown to Function 
as a double-axis diffractometer. Since the initial test in July, the signal to background ratio 
has increased three orders of magnitude. Currently, the signal to background level for 
double-diffraction scans is on the order of unity. The angular resolution may be inferred 
from scans of the specular reflection. The observed specular peak widths of rocking scans, 
(A\|/)=0.30° FWHM, agree with estimates using the current collimation. In preliminary 
tests, the diffraction peak centers were measured to within a few hundredths of a degree. 
^Thc pull-out torque of the Arundel A23.1 stepper motor at 400 pulses per second is 300 gram-cm 
(from technical data sheet provided by Arundel). 
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tering experiments, the intensity and monochromaticity provided by these higher pressures 
will be essential. However, for initial elastic tests, the intensities and speed ratios provided 
by lower pressures are acceptable. We elected to simplify the source operation by discon­
necting the compressor. 
Finally, several improvements to the scattering facility were delayed. One turbo-
molecular pump, located in the detector arm, had failed. Its repair was differed until 
several test runs were complete. To improve access to the spectrometer, the sample and 
analyzer preparation facilities were not attached to the scattering chamber. 
The (001) face of lithium fluoride was chosen for the first tests. The reasons for 
this choice were largely pragmatic. This face may be readily cleaved, particularly after 
being gamma-irradiated (Nadeau and Johnson 1961). Following the cleaving, the exposed 
face is expected to contain an excess of lithium. This excess lithium is believed to increase 
the susceptibility to water adsorption (Estel, Hoinkes et al. 1976). Annealing the sample 
reduces the excess lithium at the surface (Wurz and Becker 1989) and yields a surface of 
increased stability. Following the annealing described in Table 4.02, Mason and Williams 
were able to use aLiF(OOl) analyzer crystal for fifteen months without further treatment 
(Mason and Williams 1988). During this period, the crystal was kept under vacuum or in 
Table 4.01 Collimation for the initial sample diffraction tests 
Component distance component spot size^ exiting 
to source dia/width incident exiting angle 
nozzle 0.0 0.01 n/a n/a n/a 
skimmer 30.5 0.46 0.46 0.46 0.86° 
orifice (Coa) 102.7 1.00 1.55 1.00 0.56° 
collimator (Cob) 267.8 3.00 2.61 2.61 0.56° 
sample axis 598.8 5.83 5.83 0.56° 
analyzer axis 1056.0 10.28 10.28 &56° 
detector arm 1364.0 6.35 13.28 6.35 P
 O 
entrance (Cia) 
ionizer 1687.5 6.35 7.86 6.35 0.22° 
^ all dimensions are in millimeters 
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In addition to being stable, LiF(OOl) is highly corrugated. This corrugation leads to 
the relatively high reflectivity (one percent) of diffraction peaks (Garcia 1977). For these 
reasons, LiF(OOl) is an excellent choice as an analyzer crystal. As a sample for Inelastic 
studies, strong corrugations are a decided disadvantage. For smooth surfaces, such as tlie 
Cu(001 ), the specular reflectivity can be on the order of 30%. Since the intensity of acous­
tic modes is expected to be proportional to the intensity of the nearest elastic reflection 
(Toennies 1991), smooth surfaces can offer considerably (perhaps a factor of ten) higher 
reflectivities for phonon scattering. 
The sample crystal was a cleaved 10x10x2 mm LiF single crystal provided by the 
Harshaw-Filtrol Corporation. The crystal was vacuum baked overnight at 41()°C. The 
annealed sample v/as transported to the scattering chamber, which had been back-filled 
with nitrogen. Within several minutes, we began evacuating the scattering chamber. 
IV.B.l. Results of Initial Diffraction Tests 
In the initial test using the sample crystal (25 July 1990 to 15 August 1990), specu-
Uu- and diffraction peaks were easily observed. During these initial test runs, the perfor­
mance of the major components of the spectrometer was examined. Consequently, modili-
cations to the counting electronics, computer software and beam collimators were 
instigated. 
Much effort during these initial tests was spent assessing and improving the align­
ment of the source, sample and spectrometer. Aligning the spectrometer and beam source 
is a time consuming task, since many degrees of freedom are involved. The source ma­
nipulator allows for three translations and three rotations. The spectrometer provides six 
degrees of freedom for the sample, five motions for the analyzer and two arm rotations. In 
addition, the source chamber must be aligned so the beam strikes the center of the sample 
table at the required elevation. 
Three typical rocking scans from the third run are shown in Figure 7.01. The 
diffraction peaks are clearly visible, despite the high background count rates. High back­
ground count rates were attributed to the following: first, the failed turbomolecular pump 
in the detector assembly was not providing differential pumping. Second, the beam size at 
the sample stage was roughly the size of the exposed sample. The alignment had not been 
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optimized, so diffuse scattering from the sample holder was expected. With diffraction 
observed, we proceeded with the needed modifications to the apparatus. 
With elastic reflections located and the alignment improved, the detector assembly 
was disassembled and the failed turbomolecular pump replaced (September 1990). As ex­
pected, the background level decreased dramatically. In a scan of the specular beam, 
shown in Figure 7.02, the background level was approximately 37% of the peak intensity. 
In a similar scan before the pump repair (2.25), the background count rate was 400% of the 
specular intensity. Comparisons of other scans also show tenfold improvements in the 
signal to background ratio. 
From the scans shown in Figure 7.02, the mechanical accuracy of the sample table 
may be estimated. In these scans, the scattering angle was fixed at 80°. The peak centers, 
determined by fitting Gaussians, are listed in Table 4.03. Both diffraction peaks are 
located 12.52° from the specular, indicating a precision of 0.01°. From the calculated value 
of gwko and the known lattice spacing 2.014Â, the average momentum of the helium 
beam may be calculated. The calculated value, 11.22 Â"^ is consistent with a nozzle 
temperature of 294.8 K= 21.7°C. This temperature, calculated using equation 6.02, is 
consistent with room temperature, so the measured peak locations seem quite accurate. 
With the repair of the turbomolecular pump completed and the effects recorded, a 
series of improvements to alignment and collimation were initiated. The source chamber 
was adjusted to maximize the direct beam intensity. The scattering chamber was translated 
nearly 2 mm to better center the incident beam. Adjustments to the source chamber tilt 
increased the intensity of the direct beam fivefold. 
Next, the beam collimator between the third stage and the scattering chamber was 
removed. A second collimator plate, containing a 0.125 inch (3.18 mm) diameter orifice, 
Table 4.03 Peak locations from sample scans 
Scan number /^(center) \j/=R-Ro 
25 &26 28.03 27.48 -0.2780 
27 40.55 40.00° 0.00 
30 53.07 52.52 0.2780 
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was installed 3.875 inches (98.4 mm) from the center of the sample table. This places the 
collimator approximately 500 millimeters from the beam source. Initially, the collimator 
was misplaced, eclipsing most of the incident beam. The sliver that did pass produced only 
a dim, narrow (A\}/=0.18° FWHM) specular reflection, as shown in Figure 4.03. 
Following the tenth test run, the collimator was moved approximately one milli­
meter closer to the incident beam line. This scan is also shown in Figure 4.03. With the 
collimator in its new location, an intense direct beam was observed. Relative to scans of 
earlier runs, the signal to background ratio had been increased by an order of magnitude. 
Presumably, the narrower collimation eliminated diffuse scattering by the sample holder. 
In the scan shown in Figure 4.03, the background count rate is approximately five counts 
per second. This count rate is less than 2.5% of the peak count rate, approximately 210 
counts per second. 
By narrowing the incident beam collimation, observed peak widths were reduced. 
Scan 11.07, a rocking scan of the specular reflection, has a peak width of 0.28° FWHM. 
With the previous collimation, similar scans typically has peak width of 0.40° FWHM. 
With the change in collimation, the peak width of the 11 reflection decreased from 1.05° 
FWHM to 0.95° FWHM. The former peak width was inferred from the scan in Figure 
7.02. Scans with a similar source pressure were used for the latter value. 
The diffracted peak widths include contributions due to the finite speed ratio of the 
incident beam. Following scan 11.21, the source pressure was increased to 1000 psi. The 
width of the 11 diffraction peak decreased to 0.65° in scan 11.22, confimiing an expected 
increase in speed ratio. (The speed ratio varies inversely with the energy variation of tlic 
incident beam, see section VLB for a description of the speed ratio.) 
IV.C. Analyzer Diffraction 
With diffraction by a sample crystal documented, diffraction by an analyzer crystal 
was investigated. A cleaved LiF crystal was installed on the analyzer table without an 
annealing. A fruitiess search, which scanned more points than any previous test run, 
found no evidence of specular or diffraction reflections. The analyzer crystal was 
removed, vacuum baked at 410°C for ten hours and returned to the analyzer table. 
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Immediately, sharp diffraction peaks were observed. After a series of scans to orient tlie 
analyzer, rocking scans of the specular, 11 and 11 reflections were recorded. These scans 
are shown in Figures 7.12-7.15. 
As with the sample scans of the seventh test run, the locations of these reflections 
can provide an estimate of the mechanical precision of the spectrometer motions. In these 
scans the scattering angle was 03=80°. The peak centers were determined by fitting a 
Gaussian to the specular and Lorentzians to the diffraction peaks (Table 4.04). Like the 
sample scans of the seventh test run, errors in peak locations are on the order of hundredths 
of a degree. 
IV.D. Double-Crystal Diffraction 
rV.D.l. Preparations for Double-Dijfraction Tests 
Following successful diffraction tests using either the sample or analyzer crystals, 
double-diffraction experiments began in November 1990. Following the fourteenth run, 
the analyzer arm motor assembly (called the Pa assembly) failed. During the following 
inspection, the worm was found pressed tightly against the worm wheel. The worm shaft 
had flexed visibly. As a result of the increased friction, the shaft of the speed reducer of 
the Pa assembly had sheared. A larger speed reducer (Burg, model RXl 8-2, 6:1 reduction, 
0.25" diameter shaft) was used in the rebuild. In addition to the changes to the Pa motor 
assembly, the worm gear assembly for the Pa drive was replaced. A more rigid support for 
the worm shaft support was milled from a single block of stainless steel. 
The diffraction by the 20x20 TnmLiF(OOl) analyzer crystal was more intense than 
the diffraction by the original sample. Consequently, a second crystal from the same batch 
Table 4.04 Peak locations from analyzer scans 
Analyzer reflection peak center # fiwk(r^ 
11 (from scans 25&26) 27.78° 27.24° -0.2829 
00 (from scans 24) 40.60° 40.00° 0.0000 
11 (from scans 30) 53.58° 52.76° 0.2820 
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was prepared for the sample stage. Following the procedures used for the previous LiF 
crystals, this sample crystal was annealed for ten hours at 410°C on 16 November 1990. 
Further difficulties with the newly replaced Pa assembly hampered initial attempts to 
observe double-diffraction on the fifteenth run on 29 November 1990. When the detector 
arms was at approximately 35°, the arm stopped rotating. Before stopping the experiment, 
specular-specular and diffraction-specular scattering peaks were observed. Since diffrac­
tion by the analyzer is kinematically forbidden for ^ ^=35°, double-diffraction peaks were 
not observed. 
On 30 November 1990, the Pa worm was disengaged and found to be undamaged. 
We speculated that the worm wheel was slightly eccentric, causing the assembly to bind as 
the arm was driven. Thus, the worm was engaged near 0^= 65°, thought to be near the 
height point of the worm wheel. The detector arm was then driven between (pa~ 0° and 
0a=8O° without jamming. No further mechanical difficulties have been encountered with 
the Pa assembly. 
IV.D.2. Double-Dijfraction Tests 
With the Pa assembly functioning, specular-diffraction and double-diffraction peaks 
were observed (5 December 1990). During these tests, the arms were in a (+,-) configura­
tion, with (j) (CCW) and (pa (CW). 
The reflectivity of analyzer reflections at (j)a=60° and 0^=80° can be estimated from 
the observed count rates. In scan 16.05, the intensity of the sample specular peak at 0=60° 
Table 4.05 Observed reflectivity of analyzer crystal 
analyzer peak hk Wo X1000 Scan 
hk (cps) ISU Boato (1975) Number 
00 609 294 34.3 35.0 16.09 
n 60P 30 3.5 4.8 16.14 
11 6GP 20 2.3 n/a 16.15 
0,0 sœ 36 4.2 3.8 16.16 
n sœ 68 7.9 9.0 H%22 
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was approximately 8600 counts per second. From specular-specular and specular-diffrac­
tion scans with ^60°, the reflectivity of the beam can be easily estimated. The results are 
listed in Table 4.05 Reflectivities reported by Boato et al. for an 80 K sample are also 
listed (Boato et al. 1975). 
In addition to double-crystal reflections, an intense spurious peak was observed in 
scans of the sample 11 reflection. The peak is the result of the specular beam obliquely 
striking the entrance of the detector assembly. 
Following these tests, a shield was devised to intercept the spurious peak. The 
shield is supported via an insert which reduces the diameter of the entrance hole to approx­
imately 5 millimeters. The shield is shown on the left side of Figure 4.01. With the shield 
installed, the intensity of the spurious peak was reduced an order of magnitude. To funher 
reduce the spurious signal, a 0.75" OD, 2.00" long, thin-walled, stainless steel tube was 
inserted into the entrance tube assembly. This tube is shown in the lower right side of 
Figure 4.01. The effects of this tube are discussed below. 
A modified counting chain, devised by the Ames Laboratory electronics shop, was 
also installed during these tests. The chain consisted of a 50x amplifier and a modified 
Tennelec 485 amplifier. The modifications allowed faster pulses to trigger TTL level 
pulses reliably. The gain of the counting chain was also increased, in an attempt to allow 
lower SEM voltages. The modified counting chain performed quite well, with improved 
1875" 
0.7500 
: -0.7500 "4 
2.0000 " 
0.7500 " 
Figure 4.01 The detector entrance shield, shown on the left, was inserted into the 
entrance of the detector assembly. The two inserts, shown to the right, were inserted to 
further reduce the spurious peaks described in the text. 
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plateaus appearing in both the count rate vs. discriminator level and count rate vs. applied 
voltage plots. 
Both of these changes were investigated on January 7, 1991. Since the spurious 
peak was no longer visible, the shield was assumed to have reduced the spurious peak to 
insignificant levels. This assumption would latter prove to be incorrect. In comparison 
with the previous run, both the signal and background increased by roughly 50%. At best, 
the critical signal to background ratio had only a marginal improvement. 
While attempting to calibrate the sample table rotation, the indicated position of 
diffraction peaks was continually drifting toward higher values. By watching the worm 
shaft during a step scan, it became apparent that the actual step size was smaller than the 
value given to the computer. The error was traced to an integer conversion error in the 
HEB software. Once identified, the error was promptly corrected. This effect had gone 
unnoticed because one pulse of the stepper motor corresponds with a sample rotation of 
0.005°. Only by repeated scans several times did the accumulated error become signiiicani. 
The shielding at the detector entrance appeared to reduce the background levels. To 
enhance the improvement, a more restrictive tube was constructed and inserted into the 
detector entrance shield. The tube, shown in upper right corner of Figure 4.01, was 
expected to reduce the background count rate significantly and reduce the observed peak 
widths slightly. 
In the first scans on 14 January 1991, the effects of the collimating tube were 
observed. The background count rate decreased by approximately 40%, the elastic peak 
decreased by 46%. Hence, the signal to background ratio decreased. The width of the 
analyzer 11 elastic peak increased from 0.54° FWHM to 1.08° FWHM. Perhaps more 
disturbing, the peaks were shifted by 0.8° (including corrections for a calibration between 
these scans). From these results, it appears that either 1) the collimator tube is grossly mis­
aligned or 2) the increased collimation made the previous misalignment of the detector ami 
more apparent. Since the aluminum tube was turned on a lathe, misalignment of the 
required magnitude is highly improbable. Hence it appears that the detector has been mis­
aligned in previous scans. 
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N.D.3. Initial Consîant-Q\\ Scans 
The computer software which executed the Q-E scans was also tested and debugged 
in preparation for the initial attempts to observe inelastic scattering. The calculations 
needed to perform inelastic scans are reviewed in Appendix C. 
Several intense peaks were observed during the first constant-Qii scans of the twen­
tieth and the twenty-first scans. The first of these peaks followed the previously observed 
Rayleigh mode of the [100] azimuth of theLiF(OOl) surface. However, the peaks proved 
to be spurious. Since they mimicked the Rayleigh mode, they were dubbed phonyons. 
Further examination revealed that these peaks were due to the specular beam strik­
ing the detector entrance obliquely. This is illustrated in Figure 4.02 and demonstrated in 
Figure 4.04. With the analyzer set to transmit elastic scattering, a y scan of the sample T1 
reflection was performed. Next, the analyzer was rotated several degrees so elastic scatter­
ing would not reach the detector. A clear peak was still observed, showing that elastic 
scattering using the analyzer spurious peak. Once again, the sample specular beam was 
striking the detector entrance directiy. The beam collimators had not only attenuated the 
beam, but moved it so it was partially obscured by the sample 11 reflection transmitted by 
the analyzer. In Figure 4.02, the angles used to analyze the spurious peak are drawn 
schematically. Excess counts are expected if any diffraction peak strikes the detector 
Detector 
a +cos(|)A 
analyzer,dct. cnirancc ^ = 
•^sample,analyzer 
phonyon 
Figure 4.02 Analysis of phonyon peaks. 
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entrance directly. Table 4.06 lists the predicted values of y/for each phonyon at the values 
of (p and (pa used in these scans. 
Table 4.07 lists several of the peaks observed during the constant-Qn scans. The 
scans listed in Table 4.07 are representative of the peaks observed during these scans. All 
peaks with a count rate of five counts per second above background have been identified as 
spurious. Several intense peaks correspond with the predicted phonyons. In addition to 
the 'phonyon' peaks, there is a second class of spurious peaks. In all of these scans, an 
elastic sample reflection is incident upon the analyzer. Due to the finite energy resolution of 
the analyzer, some fraction of the sample elastic reflection will be transmitted toward the 
detector. 
This explanation fails to explain the spurious reflection observed in scans 27 (listed 
in Table 4.06). This peak associated with the sample 11 reflection, is apparently transmit­
ted by the analyzer, which is adjusted for an energy transfer of-9.5 meV. The intensity oF 
this reflection (26 cps) is nearly as high as the 11 reflection observed with an energy 
transfer of 0 meV. 
The intensity of the 11 reflection in scan 27 may be understated by plotting the 
trajectories of the beams from sample to detector. The results are listed in Table 4.08. 
Despite large deviations from center line, the final beam trajectory passes through both the 
detector assembly entrance and the ionizer. 
Table 4.06 Predicted location of phonyon peaks 
<p <h phonyon y for phonyon peaks 
11 00 11 
60 80 35.80 n/a 17.90 n/a 
70 70 48.29 4.42 24.14 43.87 
75 75 52.01 7.65 26.00 45.06 
80 80 55.80 10.74 27.90 45.06 
80 85 54.67 9.84 27.34 44.83 
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Table 4.07 Peaks observed during constant-gn scans 
scan Spectrometer angles peak back­ signal'' causch 
Q E ground 
ID (meV) <P ¥ <ki Va (cps) (cps) (cps) 
10 0.20 8.00 60.0 29.89 80.0 53.23 47 23 25 00 
0.20 15.00 60.0 32.90 80.0 54.11 24 23 2 ?? 
11 -0.80 7.00 60.0 45.83 80.0 53.11 25 23 2 11 
13 0.20 8.00 60.0 29.89 60.0 47.11 31 23 8 00 
17 -0.80 8.00 70.0 49.04 70.0 49.86 25 22 2 11 
18 1.20 8.00 75.0 23.58 75.0 51.48 25 22 3 ?? 
18 1.20 11.00 75.0 24.35 75.0 51.86 26 22 3 11 
18 1.20 17.00 75.0 26.03 75.0 52.71 54 22 31 phonyon 
19 0.80 -9.00 75.0 25.04 75.0 49.79 47 22 25 phonyon 
20 0.20 8.00 75.0 37.19 75.0 51.48 26 22 4 00 
21 1.00 0.00 75.0 24.39 75.0 50.61 53 22 31 n 
22 1.30 16.00 75.0 24.29 75.0 52.56 33 22 10 il 
22 1.30 22.00 75.0 26.11 75.0 53.56 58 22 35 phonyon 
23 1.20 8.00 80.0 26.76 80.0 53.23 25 23 2 ?? 
23 1.20 13.00 80.0 27.95 80.0 53.84 48 23 25 phonyon 
27 0.80 -9.00 80.0 28.19 80.0 51.59 52 23 30 phonyon 
27 0.80 o
 
o
 
80.0 27.91 80.0 51.48 49 22 26 n 
31 -0.90 3.50 80.0 54.08 80.0 52.74 36 23 13 11 
^ The signal is defined as the peak count rate minus the background count rate. 
^ Phonyon peaks are the result of the sample specular beam striking the detector. 
Peaks attributed to double-diffraction are identified by the sample reflection, e.g., 11 
Peaks from an undetermined cause are labeled ?? 
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Table 4.08 Analysis for spurious peak in scan 27 
beam location distance to center line comments 
incident sample 0.0 mm \1/=28.19° 
sample 11 analyzer 7.6 mm 0=80.94° 
analyzer 11 analyzer -4.4 mmb %= 52.53° c, 80.35° '' 
analyzer 11 collimator 2 -1.2 mm 3.2 mm diametei''' 
analyzer 11 ionizer 2.1 mm 6.3 mm diameter 
0= VA+acos[g||//:o+cos y/\, 
with g\\/ko= 0.276(058) 
4.4 mm =7.6 mm (sin(<|>-\|/)/sin(\|/)) 
Ya= 52.53°=51.59°+(80.94°-80°) 
using tube in upper right side 
of Figure 3.02 
analyzer 
51.59° & 
52.53° 
sample 
Table 4.09 Effect of collimator between sample and analyzer 
Sample scans 
Collimator zly^FWHM) peak background signal 
none 0.56° 800/20 s 450/20 s 350/20 s 
installed 0.60° 955/20 s 600/20 s 355/20 s 
Analyzer scans 
Collimator Ay/a peak background signal 
none 1.20° 810/20 s 500/20 s 310/20 s 
installed 0.74° 942/20 s 630/20 s 312/20 s 
The scans without collimator 1 are from 22 January 1991. The scans with collimator 
Cj installed are from 5 February 1991. All scans used ^(/>a=80°, the sample and ana­
lyzer 11 reflection were used. 
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Following these tests, a 3.2 mm (0.125") collimating slit was installed between the 
sample and analyzer stages. The slit was intended to reduce the intensity of the spurious 
reflections and decrease the peak widths of the analyzer scans. Diffraction scans, with and 
without an analyzer crystal were performed during the next test run on 5 Februiu-y 1991. 
In Table 4.09, the results of the double-diffraction scans are compared with similar scan 
from the previous run. The peak width of the analyzer rocking scans was sharply reduced 
with the addition of the collimator. Neither count rates nor sample peak widths were 
affected significantly. The increase in background rates is due to differences in pumping 
speed. On the previous run, the TPU 5000 and TPH 330 turbomolecular pumps of the 
scattering chamber were at full speed. They remained at standby speed on 5 February 
1991. 
IV.E. Summary of Initial Tests 
During the initial tests, the spectrometer performance was tested and rapidly 
improved. All major components of the facility were brought to functional, though by no 
means optimum, levels of performance. During these tests, the spectrometer was clearly 
demonstrated to be a functional double-axis diffractometer. 
The scans useful for inelastic experiments, i.e., constant-Qn and constant-ZiE scans, 
were demonstrated. However, the spurious peaks and an insufficient signal to background 
level prevented the observation of single phonon scattering. The processes leading to the 
spurious signals is understood. By inserting a collimator and shields between the sample 
and analyzer tables, the spurious signals can be reduced or eliminated. The low signal to 
background ratio prevented successful inelastic experiments. 
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Figure 4.03 Specular reflecrions from LiF(OOl) surface with ^30°. These two scnns 
show the effect of misplacing the incident beam collimator Cob by approximately one milli­
meter. Scan 3 from 3 October 1990 is represented by circles, the diamonds represent scan 
7 from 5 October 1990. 
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Figure 4.04 Demonstration of spurious reflection from 14 January 1991. Scan 36, 
plotted mth circles, shows the spurious peak and the double-diffraction peak from the 
sample 11 (<^80°) and the analyzer 11 (0^=80°). The analyzer was driven 0«=5()° so the 11 
reflections would not strike the detector. In scan 57 (diamonds) only the spurious peak is 
observed. 
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V. EXPERIMENTAL PROCEDURES 
V A .  I n t r o d u c t i o n  
Since the initial tests of the spectrometer, several modifications have been made to 
the apparatus. These changes have affected the operating procedures. The alignment pro­
cedures in the next section have been modified to reflect these recent changes. Because of 
this, the reader is warned that the effectiveness of these procedures has not been fully 
tested. In addition to these procedures for the helium scattering facility, users must be 
familiar with the vacuum system. The operation of the vacuum system is described in 
Appendix D. 
V.B. Alignment 
V.B.I. Alignment Requirements 
The alignment of a double-axis spectrometer is an involved process. The source, 
sample, analyzer, detector, and all collimators must be brought to the same elevation. If the 
helium beam is then brought into the level plane, all components will lie within the scatter­
ing plane. Within the scattering plane, there are additional requirements for proper align­
ment. The incident beam must pass through the center of the sample axis, about which the 
sample table and main arm rotate. Similarly, the detector assembly axis must intersect the 
analyzer axis, about which the analyzer table and the detector arm rotate. 
The alignment accuracy strongly affects the intensity of observed helium beams, as 
well as the accuracy of the measured angles. The required alignment accuracy is estimated 
from the size of the beam. Typically, beam diameters are several millimeters. Thus, the 
alignment must be accurate at the millimeter level. Alignment to within several tenths of a 
millimeter is desired. 
Unless the alignment is highly accurate, the experimentalist will face the following 
dilemma: should a component be in the mechanically correct position or positioned to 
maximize intensity? For example, the analyzer face should be located on the center of rota­
tion of the analyzer stage. However, the intensities of reflections were usually optimized 
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with the crystal face several millimeters off-axis. In these cases, it is critical that the com­
ponents be located to produce optimum intensity. If this location is judged to be too far 
from the mechanically defined position, the experimentalist must locate the root of the 
misalignment and correct it. 
To simplify the initial alignment process several components were removed. These 
components include the sample, analyzer, the collimator Cob (located between the third 
stage and the scattering chamber) and Cj (between the sample and analyzer). Once the 
detector alignment and the incident beam alignment is complete, these components may be 
installed and aligned. 
V.B.2. Vertical Alignment 
The elevations of the various components were measured with a cathetometer (Wild 
Heerbrugg Limited, KM 1001). Before making these measurements, the sui-veyor's 'two 
peg method' was used to calibrate the cathetometer level. The level of the cathetometer was 
found to be accurate to within ±2 mm in 40 meters. During bench tests, precisions of 0.02 
mm could be routinely achieved with the cathetometer. The accuracy of the cathetometer 
cross hair orientation was verified by viewing a 40 gauge copper wire attached to a plum 
bob (Ramsey 1956). No discernible discrepancy was observed. 
It is unlikely tiiat the elevation of the components is accurate at the 0.02 mm level. 
Measurements of the spectrometer are often made under adverse conditions {e.g., looking 
through vacuum view ports with poor lighting). Thus, it is difficult to predict the accuracy 
of the measurements used to align the instrument. 
The incident beam must pass through the skimmer, located between the first and 
second stage, and the collimator, located between the second and third stage. Both of these 
apertures are rigidly attached to the source chamber. Thus, the source chamber position 
must be adjusted until tiiese apertures are brought to a level line passing through the center 
of the sample axis. Since the source chamber rests on four adjustable screws, it is not dif­
ficult to adjust the source chamber orientation with reasonable accuracy. The center of the 
sample table may be assessed visually by placing a pin into a hole machined in the center of 
the sample table. 
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don of the front of the assembly is determined by installing a flat edge on the front of the 
detector assembly. The flat edge is held in place by two of the bolts for the front flange. 
Using a semi-cylindrical insert, the flat edge may be accurately centered upon the detector 
insert. Since the free end of the straight edge extends at least ten centimeters beyond the 
front flange, it can easily be viewed from the rear of the detector. By using the catheto-
meter cross hairs as a reference, the straight edge can be brought level. The procedure 
seems quite accurate, but error of several tenths of a millimeter are quite plausible. 
With the beam monitor and the incident beam collimator Coa at the same elevation, 
the beam may be brought level by scanning the nozzle positions and orientation using the 
beam monitor. Profiles of the direct beam, using the beam monitor, are shown in Figure 
5.02. 
The elevation of the detector assembly may be checked by comparing the count 
rates with the upper and lower halves of the assembly entrance covered. Ideally, half of ilic 
beam will pass through each half of the detector entrance. This method is an adaptation of 
a similar method used to assess the alignment of the detector in neutron spectrometers. The 
application to the current atomic beam detector is not ideal. The process takes only a few 
minutes for a neutron detector, where the detector is relatively accessible. Since vacuum 
must be broken to install the beam flag, it requires two separate runs (days) to make the 
same test with the helium spectrometer. Second, and more fundamentally, the results for 
the helium detector are ambiguous. Rather than installing the beam flag at the detector, the 
flag is placed at the entrance of the detector assembly. Errors in either the elevation or the 
pitch of the detector assembly will cause an asymmetry in the measured count rates. 
Optical comparisons between the elevation of the collimator Coa ^md the detector entrance 
may be helpful in determining the cause of the misalignment. 
Under normal operating conditions, direct beam scans would saturate the detector. 
Two methods have been used to reduce the direct beam count rate. The source pressure 
may simply be lowered until the count rate is acceptable, however this may affect the beam 
in some unintended fashion. More recently, the count rates have been decreased by tuning 
the quadrupole mass filter to mass 3.5 amu. This lowered the direct beam count rate to 
several thousand counts per second. This method allows the signal from the main detector 
be used in the direct beam. This has proven to be quite useful for alignment and calibration 
procedures. 
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V.B.3. Alignment within the Scattering Plane 
The position of the direct beam, relative to the sample axis, may be detemiinecl 
using the beam monitor. With the collimator Cob removed, profiles of the incident beam 
may be recorded by scanning the beam monitor. Within limits determined by the alignment 
of the source chamber, the direct beam may be moved by adjusting the nozzle position. 
This has been demonstrated for alignment in the vertical plane (Figure 5.02). By a similar 
process, the beam may be adjusted within the scattering plane. This adjustment may be 
used to direct the incident beam to the sample axis. A collimator may be placed on the 
sample axis by machining a small hole (1 mm) in the center of a sample holder. By 
mechanically centering the sample stage, the hole in the sample holder should be centered 
on the sample axis. The beam transmitted by the hole in the sample holder may be scanned 
by the beam monitor. With the beam monitor fixed at the position corresponding with a 
final scan 
initial scan 
6.0 10* 
.e-a-e-e-e-G-®" 2.0 10* 
0.0 10° 
0 5 10 20 25 15 
elevation (mm) 
Figure 5.02 Direct beam monitor scans. These scans made before and after the source 
position was optimized on 6 September 1991. Measurements with the cathetometer indi­
cate that the level beam position corresponds with a gauge elevation of 12.97 mm. The 
improved alignment also resulted in a doubling of the count rate for the main detector. 
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centered beam, the source may then be adjusted to maximize the beam monitor signal. 
A similar procedure could be used to position the collimator Cqi) using the motor­
ized table described in section III.C. With the beam monitor located to measure a level 
beam passing near the sample axis, the collimator may be positioned for optimum monitor 
signal. It is possible to position both the sample and the analyzer faces on the beam axis by 
advancing the crystal faces until the direct beam intensity is halved. 
The initial detector assembly alignment was determined using a telescoping rod. 
The rod was inserted into the collimating apertures of the detector assembly. A point at the 
end of this rod was aligned with scribe marks at the center of an aluminum analyzer holder. 
The alignment of the detector assembly may be refined using measurements of the direct 
beam. By iterating 0 (main arm) and (pa (detector arm) scans, the detector position may be 
chosen to maximize the observed count rate. Presumably, this means that the detector axis 
is brought coincident with the direct beam axis (at least within the scattering plane). With 
the beam just grazing the analyzer face, the analyzer face may then be advanced until half of 
the beam is eclipsed. This should give an accurate position of the beam axis, and hence the 
detector axis. 
The beam position determined by the analyzer translations may then be compared 
with the analyzer axis to determine the misalignment of the detector assembly. The tele­
scoping rod may then be inserted in the detector assembly. By translating the tip of the rod 
by the measured displacement, it should be possible to center the detector axis accurately. 
Admittedly, this procedure is less direct than desired. However, the current design does 
not allow the position of the detector (or the incident beam) to be fixed mechanically. 
V.C. Sample Orientation 
From the cleavage planes of a lithium fluoride crystal, it is possible to obtain rough 
crystal orientation visually. The azimuth and tilt could typically be positioned with an accu­
racy of two degrees. These rough alignments could be easily refined using scans of the 
direct beam and elastic reflections. This procedure is outlined below. 
With the direct beam grazing across the surface (y/~0°), the crystal may be advanced 
until the beam intensity was cut in half. The grazing angle of the sample is then adjusted to 
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maximize the intensity. This has been assessed with a precision of several tenths of a 
degree in several previous runs. Once again, the sample is advanced until the beam was 
halved. At this location, the crystal should be well positioned in the direct beam. 
The main arm is then driven to a convenient angle, e.g., (p ~ 20°, where the specular 
reflection can be readily located. By centering upon the specular reflection, both the sample 
tilt and the grazing angle of incidence (\j/) can easily be assessed to within several hun­
dredths of a degree. 
The sample azimuthal angle can be fixed by centering upon a diffraction peak in a 
predetermined azimuth. ForLjF, it is convenient to define a=45° to include the 11 and 11 
reflections (see Figure 2.01). From estimates of the incident momentum (/co ~ 11.2 Â •' 
for a room temperature source) and the known lattice spacing, the required grazing angle 
for a fixed scattering angle was calculated. From these estimates, it was relatively easy to 
locate the diffraction peaks. The accuracy of this azimuthal angle calibration may be 
verified by locating diffraction peaks in several azimuths. 
The remainder of the calibration procedure for the sample is given in the next sec­
tion. Once the sample is calibrated, a similar procedure was used to orient the analyzer and 
calibrate the grazing angle of incidence at the analyzer (y/^). Rather than using the direct 
beam, the specular reflection from the sample was used to orient the analyzer crystal. This 
more accurately reflects the conditions encountered in inelastic scans. 
V.D. Calibration Procedure 
Before performing inelastic scans, the spectrometer must be calibrated. A calibra­
tion scheme has been developed to determine the scattering angle ((p), the grazing angle oi" 
incidence for the sample (y/), and the wave number of the incident beam (/co) accurately. 
By the obvious change of variables, the same scheme may also be used to calibrate the 
grazing angle of incidence at the analyzer (%) and the analyzer scattering angle ((/>(,)• 
In the discussion of calibration, the grazing angle is given by \|/. The scattering 
angle is given by <p. The angles which the computer references during inelastic scans, are 
called R and P respectively. This notation is adopted from the HEB program, which is 
used for spectrometer control. The miscalibration in the sample angle is given by Ro=R-yf. 
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Similarly, /'o=P-0 represents the miscalibration in the scattering angle. The calibration 
method will use the observed locations of diffraction peaks from sample rocking scans. 
The value of R determined for the hk reflection is denoted Rhk-
From the scattering conditions, it is possible to find equations relating the indepen­
dent variables Pq, Rq and ko. The simplest of these relations follows from the observation 
that <l>=y/hk+¥M' where y/hk and y/M are measured at a fixed value 0. Thus, a =P- R jj]^ 
=Po-2Ro may be deduced from rocking scans of the hk and hk reflections. For 
specular scattering, YOO = 0/2. Hence, a=P-2Roo may also be determined from any specu­
lar reflection. To reduce random errors, an averaged value (a) may be determined by 
observing several reflections. 
As proven in Appendix C, the crystal grating formula may be written 
2 sin[0/2] siniphk] =8kh-ko~^, (5.01 ) 
where I5iik= i//'/i^-0/2. This form is useful because Phk is independent of Rn- One may use 
either j3/;k= Rfik -^00 or phlc= ^hkr- (f-(a))/2 to determine Phk from observed reflections. 
The crystal grating formula (equation 1.05) may then be rewritten 
sin[0/2] = sin[(F-Po)/2] = ^ • (5.02) 
2 ko smiphk] 
This equation relates Po and ko with the known lattice spacing and experimentally derived 
values. 
From the locations of reflections made at two scattering angles, it is possible to 
determine PQ and KO- By manipulating the crystal grating formula, one may show that 
sin[P/2]sin[/ÎJ-sin[P72]sin[/?] 
7^0=2 atan (5.03) cos [/'/2] sin [^-cos [P 72] si n [jff ] J. 
where the primed and unprimed values are measured at two scattering angles.With PQ 
determined, the miscalibration in the sample grazing angle may be determined from 
«0=^. ().()' 
From the calibrated angles and the known lattice spacing of the sample, the crystal grating 
equation may be used to find ko or equivalently Eq, the incident energy. The incident 
energy was calculated using 
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(sin[#2] sm[p\y. (5.05) 
The constant in the numerator is appropriate for helium scattered by either the 11 or 11 
reflection of LiF(OOl) surface (a=2.84 Â). 
Although this was not implemented, this method may be readily generalized to 
include measurements at more than two scattering angles. Equation 5.02 can be rewritten 
>> = yixhkiao, ai) = ao + 2 asin[ay Xhk] 
where y=P, Po=ao, ai=ko~^, and Xhk=ghk (2 sm[Phic\)-K This form is identical to equa­
tion 14.4.4 in Numerical Recipes: The Art of Scientific Computing (Press, Flannery et al. 
1990). Using the described Levenberg-Marquardt method, best-fit values for Pg and ko 
may be determined readily. With PQ determined, equation 5.04 determines RQ- This 
method would reduce the random errors since several reflections could be used. In addi­
tion to providing best-fit values, the standard errors for RQ, PQ and KO could be detennined. 
For the current experiments, the following simplified calibration scheme was 
adopted. From the methods described in the previous section, the direct beam was used to 
determine the locations for =0' and 'fg=0.' Since the peak centers could be located with 
an accuracy of several hundredths of a degree, no further calibration was judged to be nec­
essary. The main arm was then driven to a convenient angle, typically <^80°. Rocking 
scans of the 11,11, and the specular reflections were performed. The peak centers were 
determined from plots of the scans. The sample grazing angle was calibrated by driving the 
R motor to {RQO + {Ru+ Rjj)l2)l2 and setting R to the value P/2. 
The incident energy was then calculated using equation 5.05. The average value of 
[5]] and [ijj, which is given by P=(R]]-Rjj)H2, was used. The value of Eq was then 
recorded in the controlling computer. This procedure is quite rapid. 
The accuracy of the calibration procedures may be assessed using Q-E scans of 
elastic reflections. Constant-(2|| scans may be used to verify the calibration. If properly 
calibrated, the elastic peak will be centered at AE=0 meV. If this condition is met, the 
spectrometer may be reasonably assumed to be calibrated. The scan shown in Figure 7.19 
was produced during such a test. In this scan, the peak center was found to be ().0()±().02 
meV. 
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V.E. Inelastic Scans 
Following these procedures, the calibrated positions of the crystals and spectro­
meter arms were entered in the computer. The computer was also supplied known lattice 
parameters (oj, % and &12, the angle between a; and 02) for the sample and analyzer. The 
incident energy, as determined by the calibration procedure, must also be entered into the 
computer. The calculations performed by the computer are summarized in Appendix C. 
With this information, the computer calculates the angles for scans along user spec­
ified paths in {Q\\, AE) space. These paths were specified by providing the center point of 
each scan {Q\\(^K AEW), the step size (dQw, d(AE)), and the number of steps (/;) on each 
side of the central point. To determine the scattering angles uniquely, \f/, (p, or (0 - y/) is 
fixed at the users discretion. Similarly, the user must select either or - i/z^j to 
remain fixed. 
The computer is then able to calculate all angles needed for the selected scan. To 
reduce the chance catastrophic errors, the computer displayed all of the calculated angles on 
the screen. Before executing the scan, the user was required to respond to a prompt. This 
allowed serious mistakes (e.g., driving P by more than 5°, which might cause the motor to 
overheat) to be averted by the user. 
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VI. GENERATING AND DETECTING THE HELIUM BEAM 
In this chapter, the helium beam source and the detector of the current facility are 
examined. To assess the observed performance, some references must be established. For 
this reason, the theoretical performance of the components and the reported performance of 
similar apparatus are also examined. 
Since molecular beam are used in a variety of disciplines, molecular beam methods 
have been widely investigated. Recently, G. Scoles has edited a monograph of atomic 
beam techniques (Scoles 1988). This monograph describes the production and detection of 
atomic beams quite completely and is highly recommended. Other reviews of atomic beam 
methods may be found in the bibliography (Ramsey 1956; Anderson 1974). The semi­
annual Rarefied Gas Dynamics Symposia are another major source of infomiation on the 
subject. 
VI A. Beam Source 
VIA.!. Principles of Operation 
The helium beams used in inelastic surface scattering experiments are provided by 
nozzle beam sources. In these sources, a nozzle separates a high pressure stagnation vol­
ume from an evacuated volume. The resulting adiabatic flow cools rapidly as the gas 
expands into the evacuated region. Beyond the confines of the nozzle, this expansion is 
called a free jet. 
Collision within the firee jet efficiently converts the random thermal motion of the 
gas into a rapidly expanding flow of quite uniform speed. The average energy per atom 
throughout this expansion must equal the initial enthalpy per atom of the gas within the 
stagnation volume, 
hQ=-^kTQ 
y-l 
=2.5kTQ (6 .01 )  
In the expanding free jet, the streamline velocities rapidly approach their ultimate value, 
i<oo=(2//o/m)l/2. This result has been shown to be an excellent approximation of the 
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observed velocity of helium beams (Toennies 1991). Thus, ko may be estimated from the 
stagnation temperature, 
ko=^i5kTQ (6.02) 
For surface scattering experiments, a narrow distribution in ko is desired. This is 
determined by the velocity distribution of the free jet. The velocity distribution is com­
monly approximated by a drifting Maxwellian distribution, 
(v-u)2 
(6.03) /tv]=rt ((%[T])-^/^exp (am)2j 
where 
n is the density of the beam (atoms/volume), 
a=(2kTlm)^'^ a speed characteristic of the thermal motion within the beam, and 
u is the streamline velocity. 
The speed ratio, S=ula, is commonly used to characterize the uncertainty in inci­
dent momentum. When S > 10, as is the case for the current experiments,/] v| is nearly 
Gaussian (Hagena 1989) and 
Mq 2ln[2] 
/:o 
=1.65/5- (6-04) 
As the free jet expands, the temperature and the density decrease rapidly. Both of these 
effects decrease the collision rate. The characteristics of the free jet progress from gas-1 ike 
Nozzle source 
Supersonic free jet 
Skimmer 
Figure 6.01 Schematic illustration of the formation of a supersonic beam. 
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toward molecular flow. 
In this transition region, the collision rate is insufficient to maintain equilibrium. 
The velocity distribution becomes elliptical, characterized by a perpendicular and parallel 
speed ratio, Sj^ and 5|| respectively. The uncertainty in the incident wave number is 
determined by the parallel speed ratio. The ultimate value of 5|| is expected to depend upon 
the total number of collisions experienced by each helium atom. This number is expected 
to vary as PoDnTo'^'^. 
Values of 5|| as a function of PoDnTo~^'^ have been determined from numerical 
solutions of the Boltzmann equation (Toennies and Winkelman 1977). Their results arc 
shown in Figure 6.02. The enhanced values of 5|| for the quantum mechanically deter-
T 1—I I I M 11 1 1—I I I M 11 1 :—\ I : I 111 r./ i—i i i M i 
Quantum mechanical 
80K\ 
classical 
I I I I 1 I,.1.1, J I J I I IJ-iaJ I 1 J. 
10'"^ 10"^ 10"^ 10"^ lo" 
Pq (Pa m 
Figure 6.02 Terminal parallel speed ratios for helium beams. The theoretical curves are from Tocnnie 
Winkelman (1977). All three curves use the same interaction potential. The experimental 
points are from several groups. Circles are from Campargue, Lebéhiot et al. (1976). 
Squares are from Kem, David and Comsa (1985). The diamonds are from Weaver and 
Frankl (1986). Open symbols correspond with sources cooled to liquid nitrogen tempera­
tures, solid symbols correspond with room temperature sources. 
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mined speed ratio is due to an increase in the cross section for helium-helium collisions at 
low temperatures. The plot also indicates experimentally observed values of S|| repeated by 
several groups. 
The perpendicular speed ratio, Sj_, quantifies the thermal divergence of the beam 
perpendicular to the streamline velocity. The value of S± at the skimmer contributes to the 
angular divergence of the beam (Beijerinck and Verster 1981). Unlike the parallel speed 
ratio, the perpendicular speed ratio continues to increase throughout the free jet expansion. 
The perpendicular speed ratio may be estimated using the continuum approximation (Miller 
1988, p 31), 
Si=(7f(r-l))^'2(xlxref)y-l 
= (2.5)^'2(X/X^^^)2I3 . (6.05) 
For the current nozzle to skimmer distance, estimated to be 30 mm, this formula predicts 
5^= 600. This corresponds with an angular uncertainty of 1.7 mrad, or 0.1 °. 
To estimate the angular divergence of the helium beam, the divergence of the 
streamlines must be considered. To an excellent approximation, the streamlines expand 
radially from a point located on the beam axis. This point, commonly called the virtual 
source point, is located within several nozzle radii of the nozzle exit. The streamline diver­
gence is limited by the skimmer. From the values in Table 3.01, the streamline divergence 
(half width) is estimated to be So=3.4 mrad, or 0.2°. 
The intensity of the helium beam is proportional to the beam flux through the noz­
zle. The beam flux is given by Q=nncAn, where tin is the atomic density, c is the speed of 
sound and An is the effective area of the nozzle throat. Assuming an isentropic flow, this 
may be related to the stagnation conditions. This gives 
Q=Â7\ noOCoAn, (6.06) 
where 
y =5/3 the ratio of specific heats 
f['^=(yf(y+l))ll2(2/(Y+l))(lf(T^J) ==0.512, 
To temperature of stagnation volume, 
no=PolkTo the atomic density within the stagnation volume, 
(Xq =(2kTolm)^'^ is a speed characteristic of the stagnation volume, and 
An^ïïRfi^ the effective area of the nozzle. 
The effective area of the nozzle which is less than the true area because of the formation of 
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a boundary layer. Since the boundary layer is typically a small fraction of the nozzle radius 
(Beijerinck and Verster 1981), this effect is ignored in simple estimates. 
Assuming that the beam diverges from a point source, the number density of the 
axis of expansion can be given by 
where x^g/is a scaling length. The constant a depends upon y and the nozzle geometry. 
For a mono-atomic gas flowing through a sonic nozzle, a=0.802. 
The center line intensity (atoms/sr-s) of the free jet may be given by 
where is called the peaking factor. For a sonic nozzle, the calcu­
lated value of the peaking factor is K!=2.00. Experimental values from Beijerinck, /o=2.()8, 
are in good agreement with the model calculations (Beijerinck, Van Gerwen et al. 1983). 
Relative to a free jet, the intensity of the skimmed beam may be significantly atten­
uated by the following effects: If the helium density at the skimmer is sufficient, the helium 
scattered by the skimmer will attenuate the beam. In extreme cases, a standing shock wave 
may form in the skimmer entrance and choke the flow. However, this attenuation was 
minimal in experiments under operating conditions similar to those present in the initial 
scans (Beijerinck, Van Gerwen et al. 1985; Weaver and Frankl 1986). The intensity of the 
skimmed beam is also reduced because the divergence of the transmitted beam depends 
upon the streamline divergence (Ôq) and the perpendicular speed ratio of the beam at the 
skimmer. Thus, the intensity may be attenuated by the factor on the order of 
{8q-{Ôq^+1 From the previous estimates, this gives a transmission of 90%. 
This estimate is more conservative than those of Beijerinck et al. (Beijerinck, Van Gcrwcn 
et al. 1985) and Hagena (Hagena 1989). 
VI. A.2. Beam Source for Current Experiments 
The source assembly for Iowa State University helium scattering facility has been 
designed to operate at high beam fluxes. The nozzle temperature may be varied from room 
temperature to temperatures below liquid nitrogen temperatures. Thus, intense beam with 
high speed ratios with incident energies between 15 meV and 65 meV can be produced. 
n[x]=no(x/Xref)-^ (6.07) 
(6.08) 
I[0=O]=^, (6.09) 
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Mechanical details of the assembly are given in section III.B.3. The performance of the 
source may be estimated from the observed signal. Following a discussion of detection 
principles, the performance of both the source and the detector is evaluated in section VI.C. 
VLB. Beam Detection 
The detector assembly contains two differential pumping stages and an Extranuclcar 
quadrupole detector operating in a flow through mode. The quadrupole detector consists of 
a high efficiency ionizer (Extranuclear 011-1), quadrupole mass filters (Extranuclear 7-234-
9) and a channel electron multiplier (Galileo 4870E) operating in a pulse counting mode. A 
mechanical description of the assembly is given in section IV.B. Following general 
remarks about atomic beam detectors, the performance of the current detector is discussed. 
Helium beams have been successfully detected by at least five distinct methods. In 
the original experiments by Stern, the beam was detected by McLeod and Pirani gauges. 
These detectors are discussed in considerable detail by Ramsey (Ramsey 1956). These 
detectors have been replaced by the more sensitive electron impact detectors. Bolometers, 
which measure the energy imparted by the helium beam, have been successfully used. 
Beam detection with bolometers has been reviewed recently by M. Zen (Zen 1988). 
Finally, Martini et al. have recently used a detector which relies upon exciting the helium 
atoms into the 2^S metastable state by electron impact (Martini, Franzen et al. 1987). 
Metastable helium may be efficiently counted by a secondary electron multipliers. This 
recent detection scheme may significantly enhance the signal to noise ratio in helium scatter­
ing experiments (Toennies 1991). 
Previous double-crystal experiments have utilized stagnation detectors (Frisch and 
Stem 1933a; Mason and Williams 1978; Mason and Williams 1988). In stagnation detec­
tors an atomic beam enters a stagnation volume via an aperture. The density of atoms 
within the volume increases until the rate of effusion out of the aperture equals the beam 
flux into the detector. The equilibrium condition is 
Icq—4K = nbeam (6.10) 
where u is the streamline velocity of the beam, v is the average velocity of the gas within 
the stagnation volume. The constant K, which depends upon the geometry of the entrance 
aperture, is at least unity and is frequently several times greater. Consequently, the atomic 
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density within the stagnation volume typically exceeds the beam density by at least an order 
of magnitude. Since it is the density of atoms within the ionizer that determines the signal, 
stagnation gauges effectively amplify the signal. 
A disadvantage of the stagnation detector is its time response. By equating the 
change in the number of atoms within the stagnation volume with the net flux into the 
detector, the time response of a stagnation detector is 
(6.11) 
where ndctlt] is the atomic density witiiin a detector of volume V. The characteristic 
response time is given I;=4KV/(AV). Typically, characteristic times are on the order of a 
second. However, reported characteristic times have varied from a minute (Mason and 
Williams 1972) to 22 ms (O'Keefe, 1970). The 22 ms was achieved by O'Keefe et a\. 
using a miniature ion gauge. 
For helium detection, the primary advantage of the flow through design is the abil­
ity to observe the time dependence of a modulated beam. For time-of-flight measurements, 
this ability is critical. The time response may also be exploited to enhance the signal to 
noise ratio of the apparatus. By using a beam chopper and using the time modulation of the 
beam, significant noise suppression may be achieved. Except for the stagnation gauge de­
veloped by O'Keefe et al., the slow response time of most stagnation detectors precludes 
the use of time modulation to enhance the signal to noise ratio. 
Vl.B.l. Differential Pumping 
Differential pumping allows the background signal to be reduced. As an estimate, a 
differential pumping stage is expected to reduce the background signal by an order of 
magnitude (Doak 1981). The pressure within a differential pumping stage is reduced by 
the ratio of the conductance into the stage to the pumping speed of the stage. However, the 
background count rate need not be reduced by this ratio. Some fraction of the Hux passing 
into the differential pumping stage will pass through the stage exit. This fraction can be 
determined by treating the entrance of the first detector stage as an effusive source and 
calculating the beam intensity along the beam axis. Using effusive sources with large K 
factors has little effect upon the center line intensity. This limits the effectiveness of using 
apertures with large K factors between pumping stages. 
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VI.B.2. Electron Impact Ionizer 
The ionizer contains an electron source, an ionization region, and ion optics to 
extract and focus the resulting ion beam. The atomic beam may enter the ionizer through a 
6.35 mm diameter aperture. The ionization volume of the Extranuclear 011-1 ionizer is 
surrounded by a wire mesh cylinder with a radius of approximately 5 mm and length of 
approximately 12 mm. 
Within this ionization region, atoms are ionized by electron impact. Electric fields 
produced by the 'ion optics' extract the ions and form a beam. The number of ions pro­
duced is expected to be proportional to atomic density (n) in the ionizer, the energy depen­
dent ionization cross section((y), and the emission current {iem)-
The dependence upon the emission current diminishes when space charging effects 
become significant. With an Extranuclear 011-1 ionizer, space charge effects are expected 
with emission currents near or above 20 milliamperes. We typically operate with emission 
currents of less that a milliampere, so space charge effects are expected to be negligible. 
Tests have demonstrated that the count rate increases linearly with the emission cunent. In 
addition, the effects of changing the electron energy was also investigated. The observed 
signal is proportional to published measurements of the ionizability of helium (Smith 
1930). 
To extend the life of both the ionizer filaments and the secondary electron multiplier 
(SEM), the ionizer is typically operated with emission currents near the lower limits of the 
power supply in the ionizer controller (approximately 70 |iA). This nominal value is nearly 
two orders of magnitude lower than is typical for most users. For the preliminary tests, the 
count rates were quite adequate. 
VLB.3. Quadrupole Mass Filter 
The quadrupole mass filter reduces the background count rate by rejecting ions with 
{mle)-^. Quadrupole mass filter performance has been investigated and reviewed by 
Dawson (Dawson 1974; Dawson 1986). Briefly, DC and AC electrical fields are applied to 
the poles of the quadrupole filter. By controlling the ratio of the AC and DC voltages and 
the AC frequency, both the (w/e) ratio and a resolution {mlAm) may be adjusted. To 
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increase transmission, the resolution of the mass filter is relaxed. A relatively modest 
resolution ml Am- 8 is sufficient to attenuate background counts from other species. 
The applied AC voltage is produced by a resonant LC circuit. This filtering is 
obtained by applying DC and AC electrical potentials to the quadrupole rod. Since the fre­
quency of the circuit is fixed, it is advantageous to use a driven resonant circuit of high Q, 
quality. The inductive coupling for this circuit is provided by a 'High-Q' head, designed to 
match the typical capacitance of the quadrupole (C = 50 pF). 
With the added capacitance of over 5 meters of RG 142 cable, the capacitance 
increased to 212 pF. As the resonant circuit was poorly matched, the applied AC voltage is 
much lower than the manufacturer's specifications. As a consequence, the upper limit of 
mass range is limited to approximate (m/e) = 5 in the current experiments. The quadrupole 
is completely functional as a filter for hefium. By changing the inductance of the High-Q 
head, the mass range of the filter could be significantly extended. 
VLB A. Secondary Electron Multiplier (SEM) 
Once the ions are filtered by the quadrupole, they are accelerated toward the SBM. 
The SEM produces a cascade of electrons which are detected by pulse counting electronics. 
The general performance characteristics of the SEM has been extensively reviewed (Henkel 
and Gray ; Burrows, Lieber et al. 1967; Yellin, Yin et al. 1970; Andersen and Page 1971 ; 
Bedo 1972; Green, Kenealy et al. 1972; Timothy and Bybee 1978). The lifetimes of SEMs 
are frequently measured by the total number of pulses counted. Operating at high applied 
voltages, which increases the gain of the multipliers, shortens the lifetime of SEMs. Since 
replacing the multiplier requires the partial disassembly of the detector assembly, the SEM 
is operated at the lowest voltage which allows the electrical noise to be suppressed. 
Largely for this reason, considerable effort has been spent locating and reducing electrical 
noise. 
The 2.4 meter connecting cables between the detector assembly and the vacuum 
feedthroughs increased the mutual induction between the various components. This pro­
vides a ready path for the introduction of noise into the SEM, preamplifier, and the ionizer 
circuits. A signal due to the turbomolecular pumps in the detector assembly was observed. 
This signal was reduced by grounding the 'chassis ground' of the turbomolecular pumps, 
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which the manufacturer had not connected. (Details of these electrical connection are given 
in Appendix D.) 
Several other procedures were found useful in reducing the noise levels. The out­
put wire of the SEM is not shielded by the manufacturer. This wire proved to be a ready 
antenna for electrical noise. With the wire unshielded, the noise level in the preamplifier 
output was approximately 200 millivolts. Shielding this wire greatly reduced the noise 
coupling to the detected signal. Capacitive coupling between both the SEM and conversion 
dynode leads and ground also reduced the noise level. Various ground loops were located 
and appropriate modification enacted. Following these actions, the noise level in the pre­
amplifier output was reduced to approximately ten millivolts under normal operating condi­
tions. However, considerably higher noise levels are still observed when turbomolecular 
pumps are accelerating. 
With the noise levels reduced, it is possible to operate the secondary electron mul­
tiplier at relatively low operating voltages. The discriminator cui-ves, plots of observed 
count rate vs. discriminator level, for the Ortec 584 single channel analyzer are shown in 
Figure 6.03. To increase its lifetime, the SEM has typically been operated at 2400 volts. 
The operating voltages which provide the most stable plateau in the discriminator curve are 
expected to fall between 2500 and 30(X) volts, in agreement with the observed discriminator 
curves. 
During the majority of the tests, the preamplifier output was used to drive a locally 
constructed 'black box.' The black box was used to lengthen and slightly amplify the 
pulses generated by the 9301 preamplifier. The pulses were then amplified by an Ortec 486 
amplifier. The pulse stretching was necessitated by the use of an Ortec 406 single channel 
analyzer, which was not designed to trigger on pulses as rapid as those of the preamplifier. 
The TTL level pulses from the single channel analyzer were monitored by an event timing 
card. The clock frequency of this card, 4 MHz, limits the pulse pair resolution to 600 ns. 
The performance of this chain is quite acceptable for pulse repetition rates of several 
hundred kilohertz. However, with a repetition rate above 600 kHz, the observed count rate 
became erratic. With a pulse input rate near 635 kHz, counting losses increased consider­
ably and large (>10%) drifts in the count rate were observed. This behavior is reminiscent 
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of the observed behavior in the direct beam. The observed count rate dropped to zero for 
repetition rates above 700 kHz. This suggests a pulse pair resolution of 1.6 milliseconds. 
Similar tests with the Ortec 485 were performed. The pulse pair resolution for this 
chain is on the order of ten nanoseconds. The observed count rate followed the input rep­
etition rate to better than one part in 10^ (or ±1 count for lower rates). This limit was de­
termined by the jitter in the pulse generator. These tests call into question the stability of 
the current counting chain, particularly at counting rates greater than 10^ cps. These count 
rates are exceeded in direct beam scans and approached in scans of intense diffraction 
peaks, even with the low ionization currents used in the initial tests. 
VI.C. Performance Estimates 
The signal strength and background levels have been calculated using estimates for 
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Figure 6.03 Discriminator curve for the SEM. As the voltage applied across the SEM 
(Galileo 4870E) was increased to 2700 volts, a clear plateau is observed between 20 to 50 
millivolts. However, to extend the life of the SEM, initial tests were performed at lower 
SEM voltages, typically 2400 volts. 
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the source, detector and the helium transport. Similar approximations by Toennies 
(Toennies 1991, p. 154) gave order of magnitude agreement with the observed perfor­
mance of a TOF spectrometer. Following a description of similar estimates for the I SU 
facilities, comparisons between the model and observation will be discussed. 
The signal produced by the detector is expected to be proportional to the helium 
density within the ionization volume. This density contains contributions from diffuse 
scattering by the crystals, the background level of helium in the scattering chamber and the 
scattered beam. 
The helium density in the direct beam is given by equation 6.07. The heUum den­
sity in reflected beams may be estimated by the reflectivity of the sample and analyzer 
crystals. The reflectivity is equal as the scattered intensity divided by the incident intensity. 
The intensity is related to the density by / = nwc^, where n is the beam density, u is the av­
erage velocity of the beam and z is the distance from the source to the point of observation. 
Thus, the density of a reflected beam at the detector is expected to be of the order 
n=no(Xre/xdetP(ko/fc])R[sampleJ-RfanalyzerJ, (6. ! 2) 
where R is the reflectivity of the crystal. Typically, the brighter elastic reflections 
specular, 11 and 11) of LiF(OOl) have reflectivities on the order of one percent (Boato, 
Cantini et al. 1975; Celli, Eichenauer et al. 1985). For single phonon scattering for acous­
tic phonons near the zone center, the scattered intensity is typically three orders of magni­
tude lower than the elastic reflections. At the zone edge, phonon intensities are typically 
five orders of magnitude lower than elastic intensities (Eichenauer, Hai ten et al. 1987; 
Toennies 1991). 
Since only a small fraction of the incident beam is reflected into the detector, most 
of the beam flux is scattered into the scattering chamber (stage 4). This produces a back­
ground density 
(6.13) 
where 
n[4] 
Cob 
xlCobl ~ 500 mm 
is the helium density in the scattering chamber [region 4|, 
is the collimator at the entrance of the scattering chamber, 
is the distance from source to Coh, 
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/i/Coè7 ~ 3.1 mm2 is the area of Co^. and 
S[4] ~ 6,2001/s is pumping speed of fourth stage. 
A fraction of the helium in the source chamber will effuse through the differential 
pumping stages. The flux for effusion through an apertures is given by 
Q=CnQ 
,  (6 .14 )  
where 
C is the conductance of the aperture, 
v = 2 a K - ^ i s  t h e  a v e r a g e  v e l o c i t y  o f  a  g a s ,  
a=2kTlm is defined in equation (6.01), 
n is the density in the 'source region', 
A is the area of the aperture, and 
K is Clausing's 'kappa factor', which 
depends upon (1/r) of the aperture. 
The majority of this flux is scattered into the differential pumping stage. The density of 
helium in this stage [5] is determined be the flux into the stage and the pumping speed of 
the stage, i.e., n[5] = n[4] C[4; 5]-S[5]-^. 
The helium density in the second differential pumping stage is approximately nl6j ~ 
n[5] X C[4; 5]-S[5]-K There is an additional term due to direct effusion from the source 
chamber. However, the solid angle is quite small, approximately 3 x 10'^ radians, so this 
term is ignored. Similar arguments hold for the background density in the detector volume. 
Using the values in Table 6.01, estimates of the observed signals for both the direct 
beam monitor and the main detector have been calculated. These estimates are compared 
with observed values in Table 6.02. Order of magnitude agreement is reached between the 
predicted and observed performance. Furthermore, the values given by Toennies for a 
TOF spectrometer in Gottingen (Toennies 1991, p. 154) may be duplicated with the appro­
priate changes to the model, i.e., more differential pumping stages an emission current of 5 
mA, and no analyzer crystal. 
Specular reflections from 20 June 1991 were chosen for comparison with the model 
calculations. These scans are shown in Figures 5.04 and 5.05. The observed background 
level and the observed specular-specular intensities used in Table 6.02 are from the same 
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scan. The contribution from diffuse scattering, which was ignored in these estimates, is 
minimized. The pump speeds, emission current and source pressure used in the model 
reflect the conditions during these scans. 
The background count rate contains two major contribution: diffuse scattering by 
the sample (or analyzer) and effusion of the helium background-gas in the scattering cham­
ber. In double-crystal scans, the background is predominantly due to helium effusion. In 
single crystal scans, the majority of the background may be attributed to diffuse scattering. 
These claims are based upon the following observations: 
First, the background count rates are higher for sample scans than for double-
crystal scans under similar conditions. The count rate due to the background helium gas 
should be equal for both types of scans. This supports the assertion that diffuse scattering 
is the major cause of the background count rates in single crystal scan. 
Second, background count rates are higher in analyzer-only scans (i.e., when the 
analyzer is in the direct beam) than in similar sample scans. This is expected for diffuse 
Table 6.01 Inputs for performance estimates 
Source Pressure:(20 June 1991) 8.37 MPa (1200 psi gauge pressure) 
Source Pressure: (9 Sept 1991) 1.48 MPa (200 psi gauge pressure) 
Source Temperature: 295 K 
Nozzle radius: 5.00 |im 
TPH 5000 (standby) 4166 1/s 
TPU 050 55 1/s 
Detector Sensitivity: 1.29E-04 1/Pa 
Emission current: 100 |iA 
aperture^ X(mm) area (mm^) K C(l/s) 
500 3.1 n/a n/a 
C[4;5] n/a 71.3 1.6 13.57 
C[5;6] n/a 71.3 3.3 6.74 
C/6,7/ n/a 71.3 3.3 6.74 
'• The collimator C[i,i+1] separates the i^^ chamber from the (i+l)'^ chamber. 
4= scattering chamber, 5,6 are differential pumping stages and 7= detector stage. 
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scattering since the detector subtends a large solid angle as viewed by the analyzer, rather 
than the sample. 
From single ciystal scans, the intensity of diffuse scattering into the detector is at 
most several percent of the elastic intensity. Since the observed signal to background rate 
is on the order of unity in double-crystal scans, most of the background in these scans 
appears to be due to the background gas, rather than diffuse scattering. 
The order of magnitude agreement between the model and observed values suggests 
that the current signal to background ratio is approaching the limits set by the current de­
sign. Improvements to alignment and crystal preparation are also be expected to improve 
the signal to background ratio. However, if the model is correct, these improvements may 
not be sufficient to extract single phonon signals. The model predicts that inelastic intensi­
ties will be two orders of magnitude below the background level. With a 10 niA emission 
current and ten second counting times, the signal to noise level is predicted to be somewhat 
larger than unity. 
Both observation and the model suggest that further modifications are needed to 
extract single phonon signals. Originally, the spectrometer design called for three, rallier 
than two, differential pumping stages. Redesigning the detector assembly to include a third 
Table 6.02 Performance estimates 
prediction observation date comments 
direct beam 
Specular^ 
Specular-
specular^ 
1,430,000 cps 317,000 cps 9 Sept 91 Po=1.48 MPa 
80,750 cps 23,760 cps 20 June 91 see Figure 6.04 
808 cps 202 cps 20 June 91 see Figure 6.05 
efficiency 
beam 
background 216 cps 
1.2x10-8 
5.4x10-5 Pa 
66 cps 20 June 91 see Figure 6.05 
counts/incident flux 
1.3x10*5 Pa 9 Sept 91 in direct beam 
monitor 
beam 1.3x10*7 Pa 8.9x10-8 Pa 9 Sept 91 in main detector's shadow 
monitor 
^ The calculated intensities assume a 1% reflectivity. 
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differential pumping stage is certainly possible and can be expected to reduce the back­
ground count rates by an order of magnitude. By using a stagnation detector, the signal to 
background level should be enhanced by a factor of 4k; which can easily represent an order 
of magnitude improvement in the signal to background level. Alternately, the time 
response of the current detector may be exploited by chopping the incident beam and using 
the time modulation to extract the signal from the background. Modest gains may be real­
ized by using apertures with lower conductances, but this also increases the alignment 
requirements. Thus, it may actually reduce the observed signal to background level, as 
observed in the initial tests. 
In conclusion, the general characteristics of helium beam sources and detectors have 
been reviewed. The performance of the facilities at Iowa State University is in general 
agreement with predictions based upon published descriptions of atomic beam apparatus. 
With several changes to the instrument, also based upon published apparatus descriptions, 
it should be possible to detect single phonon scattering. 
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Figure 6.05 Specular-specular reflection used for comparison with model. This is scan 
62 from 20 June 1991. The background level is approximately 66 cps, the signal is 
approximately 202 cps. The nominal source pressure is 1200 psi and the emission ciincni 
is estimated to be 100 |iA. 
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VIL SUMMARY OF SPECTROMETER PERFORMANCE 
In this final chapter, the performance of the spectrometer is reviewed graphically. 
The conditions for the various scans shown in this section are tabulated in Appendix A. 
VILA. Tests without Crystals 
A distinguishing feature of this spectrometer is the ability to scan scattering angles. 
To measure the scattering angle, direct beam scans are performed to determine the zero 
position of the detector arms. Figure 7.19 shows two scans of the direct beam where ihc 
main arm was scanned. The peak centers of these three scans are located within 0.01° oF 
each other, as determined by best-fit Gaussians for each scan. During recent scattering 
tests, there has been no evidence of missed pulses or other irregularities in the iwm rota­
tions. Thus, the angles of the detector arms may be known with an accuracy on the order 
of a hundredth of a degree. However, misalignments of either the incident beam of the 
detector assembly can introduce systematic errors. These errors are expected to result in 
discrepancies between the measured arm angles and the actual scattering angles. 
The direct beam may also be scanned by a direct beam monitor. This monitor is de­
scribed in Section III.C.2. Figure 5.02 illustrates a scan of the direct beam. This monitor 
is used to assess the alignment of various components of the spectrometer. 
VILB. Single-axis Tests. 
Single-axis scans, using either a sample crystal or analyzer crystal, are quite useful 
as a diagnostic of the spectrometer performance. Since these scans involve fewer parame­
ters than double-axis scans, their analysis is simplified. In addition to their diagnostic role, 
single-axis scans are quite useful for surface crystallography. For diffraction studies, the 
major reflections may be positively identified without resorting to the energy analysis pro­
vided by double-axis techniques. Under these conditions, single-axis techniques may be 
preferred for the following two reasons: the decreased complexity introduces fewer 
sources of error and simplifies the experiment. Second, the scans may be performed more 
rapidly, a critical concern for reactive surfaces. 
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As a diagnostic tool, elastic scans may be used to assess the reproducibility and 
accuracy of the spectrometer motions. The reproducibility of the sample rotation is clearly 
demonstrated in Figures 7.03-7.06. These figures show two series of elastic scans for the 
sample at 0=80°. Between these series of scans, the sample tilt and azimuth were adjusted 
to maximize the intensity of the sample 11 reflection. Despite these adjustments, the devia­
tion in the locution of the peak centers, determined by a best-fit procedure, is within 0.02°. 
This indicates reproducible rotations at the 0.01° level. Similar accuracies have been 
demonstrated for the analyzer rotation and the arm rotations. 
The accuracy of the motions is more difficult to measure than the reproducibility. 
The accuracy depends upon both the alignment and the calibration procedure. The loca­
tions of the diffraction reflections are consistent with a room temperature beam. However, 
ko is not known with sufficient accuracy to assess the accuracy of the spectrometer. If the 
spectrometer measurements are accurate, the angle /3= va-0/2 for the 11 and 11 rellection 
should have equal magnitudes and opposite signs. Differences in the magnitudes of I5\ i 
and pn represents a lower bound on the spectrometer accuracy. Typically, I i + /Jn I is 
less than 0.10°. 
The observed peak widths may be predicted by considering the peak width contri­
butions from the collimation of the incident beam, the detector width and the speed ratio of 
the incident beam. The incident beam width is estimated to be Aq=Dqij-Xqij-^, where Dqi, 
is the diameter of the collimator Cqij andXp^ is the distance between the nozzle and the 
collimator Cob- The peak width contribution at the detector is estimated by 
/ 
r=Ao sm[(j>-y/] o^sin[y] 
(7.01) siniy/] /:isin[^ v/] 
where is the distance from the source to the sample and xj ^ ^i is the distance from the 
sample to the detector. By differentiating the crystal grating formula, the contribution from 
the speed ratio may be estimated to be 
511 L65\  
"•fc 
Y^l.det 
\kosin[(l)~\i/] ^ j • (7.02) 
The diameter of the detector is used to estimate the detector width. The effective width is 
estimated to be the square root of the sum of the squares of each temi, i.e., 
Y=((Y'p+(Y")^+(Dj^iP)^'^. The estimated peak width of a scan is 
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<A(I>}= Y-(xi4ei)-^ , (7.03) 
where xj^et is the distance from the sample to the detector. 
For sample scans, where y/is varied and the detector is fixed, the beam is swept 
past the detector. The observed peak width is determined not only by the width of the 
beam, but also by the 'sweep rate' for the given scan. The observed peak width may be 
estimated using 
aç 
\ sin[(^i/^]J • (7.04) 
The peak widths of several reflections have been calculated using the dimensions from 
Table 3.01 and estimated speed ratios. These estimates are listed in Table 7.01. The speed 
ratio estimated from the source conditions (see Section VI.A.) is consistent with the speed 
ratio which gives the best-fit to the observed peak widths. For a source pressure of 600 
psi, the estimated speed ratio is 25. For a source pressure of 1200 psi, the speed ratio is 
estimated to be 45. For a source pressure of 900 psi, the estimated speed ratio is 35. 
Table 7.01 Peak widths 
Reflection Pressure Peak width, (Ay/) Figure 
M or <t>a (psi, gauge) predicted observed number 
n (p=m° 600 1.01° 1.15° 7.09 
ÏÏ <l)=œ° 1200 0.66° 0.65° 7.09 
n <^80° 1200 0.50° 0.49° 7.05 
00 0=30° 600 0.24° 0.24° 7.07 
00 0=60° 600 0.24° 0.20° 7.10 
00 0=80° 1200 0.24° 0.22° 7.05 
11 0=60° 1200 0.50° 0.55° 7.11 
11 0=80° 1200 0.44° 0.44° 7.06 
n 600 0.93° 1.33° 7.13 
00 0a=8œ 600 0.42° 0.43° 7.14 
11 0o=8OP 600 0.77° 0.96° 7.15 
11 0fl=8œ 900 0.60° 0.80° 7.15 
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The observed peak widths can be used to characterize the domains of the crystal 
surface. The peak widths contain contributions from both the crystal mosaic and the aver­
age domain size of the sample. The mosaic represents the misalignments of the surface 
nomial for the domains which make up the sample. The mosaic spread will affect the 
width of all coherent reflections. Using the full width at half maximum of the sample 
specular beam (0.24°), the upper limit on the crystal mosaic is given by 0.12°. The factor 
of two comes from equation 7.04. 
The coherence length of the spectrometer places a lower bound upon the domain 
size of the sample crystal. A beam diffracted by a domain of length Id will be broadened by 
approximately (Comsa 1979) 
A(l)=X-(ldsin[(l>-\i/])-K (7.05) 
Thus, the observed peak width of a diffraction peak establishes a lower bound on the 
domain length of the sample. For scans where the sample is rotated, the coherence length 
for diffraction is approximately 
lc"2n-(,{A\i/)-ko-isin[\i/])+ sin[^v^])-l. (7.06) 
For the sample reflection in Figure 7.04, the estimated coherence length is approximately 
70 Â. These figures could be significantly improved by narrowing the collimation, de­
creasing the source temperature and choosing a source pressure for maximum speed ratio. 
In summary, the observed single crystal reflections have been reviewed. The gen­
eral features of these reflections (the peak centers, the peak widths, the count rates and liie 
signal to background ratio) agree with theoretical estimates provided in this and previous 
chapters. 
VII.C. Double-axis Tests 
Energy-analyzed sample scans are shown in Figures 7.16 and 7.17. In both scans, 
the analyzer 11 reflection was used to select elastic scattering by the sample. The back­
ground levels in both scans are quite comparable. The difference in the signal intensity is 
largely due to the difference in reflectivity of the sample specular beam at 0=60° and the 
sample 11 beam at #=80°. 
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Of all the scans performed, the scan shown in Figure 7.18 is perhaps the clearest 
summary of the spectrometer performance. This figure shows a constant -Qn scan of the 
sample 11 reflection. The accurate centering of the peak at zero energy transfer 
{Eq = 0.02° meV, from a best-fit Lorentzian distribution) indicates the high precision of 
the sample and analyzer tables and the accuracy of the calibration procedure. The obsei-vecl 
peak width (1.0 meV FWHM), by no means optimum for the current instrument, demon­
strates the energy resolution available. 
The signal to background observed in this scan (7:5) is typical of double elastic 
reflections. Since the inelastic reflections are expected to be three orders of magnitude less 
intense (Toennies 1991), the current signal to background ratios make inelastic experiments 
nearly impossible. Efforts to improve this ratio have dominated all efforts since these scans 
were completed. Once single phonon peaks can be extracted from the background, the 
potential of the spectrometer may be realized. 
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Figure 7.01 Initial series of diffraction peaks of LiF(OOl) (WO) with (^80° from August 
1990. This figure shows the sample 11,00 and 11 reflecdons (left to right). During tiicse 
scans, the turbomolecular pump of the first differential pumping stage was broken. Once 
diffraction was clearly demonstrated, the turbomolecular pump was replaced. Compare 
with Figure 7.02, made after replacing the failed pump. 
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Figure 7.02 Second series of diffraction peaks of LiF(OOl) (100) with 0=80°, from 
September 1990. The factor of ten improvement in the signal to background, relative to the 
scans in Figure 7.01, is largely due to the replacement of the broken turbomolecular pump 
of the first differential pumping stage of the detector assembly. This figure shows the 
sample 11,00 and 11 reflections (left to right). 
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Figure 7.03 Third series of sample diffraction peaks for LiF(001)(100) with (^80°, 
from January 1991. This figure shows the sample 11, 00 and 11 reflections (left to right). 
These reflections were scanned twice. Following the initial scans (open circles), the tilt and 
azimuthal rotation of the sample were adjusted to maximize the sample 11 reflection. 
Despite these adjustments, the locations of the peak centers did not vary by more than 
0.02°. These peaks are shown in greater detail in Figures 7.04-7.06. 
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Figure 7.04 Sample 11 reflections at ^=80°, from series plotted in Figure 7.03. 
103 
50000 
40000 
0 
^ 30000 
1 
o 
20000 
10000 
0 
51 52 53 54 
sample angle 
Figure 7.06 Sample 11 reflections at 0=80°, from series plotted in Figure 7.03. 
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Figure 7.07 Sample specular at 0=30°, from June 1991. The peak intensity (266000 
counts in five seconds) is over 310 times the background level observed at i/^10° (850 
counts in five seconds). 
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Figure 7.09 Sample 11 reflections at (p=60°, from series plotted in Figure 7.08. The 
scan was repeated at two source pressures, clearly demonstrating the reduction in peak 
width with increasing source pressure. 
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Figure 7.10 Sample 00 reflection at <p=60°, from series plotted in Figure 7.08. The 
circles are from scan 51. Scan 55, represented by diamonds, was recorded after minor 
adjustments to the sample tilt and azimuth. Once again, the peak centers were within 0.02° 
of each other. 
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Figure 7.11 Sample 11 reflection at <p=60°, from series plotted in Figure 7.08. 
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Figure 7.12 Series of analyzer elastic reflections îor LiF(001)(100) with 0^=80°. This 
figure shows the analyzer 11,00 and 11 reflections (left to right). 
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Figure 7.13 Analyzer 11 reflections at 0^=80°, from the series plotted in Figure 7.12. 
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Figure 7.14 Analyzer 00 reflections at 0^=80°, from the series plotted in Figure 7.12. 
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Figure 7.15 Analyzer 11 reflections at 0^=80° from series in Figure 7.12. In addition, 
the effect of increasing the source pressure from 600 psi to 900 psi gauge pressure is 
demonstrated. The increased intensity and decreased peak width are apparent. 
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Figure 7.17 Sample 11 with energy analysis. The scattering angle at the sample was 
(^80°. Energy analysis was provided by the analyzer 11 reflection with ^«=85°. The 
analyzer was set to transmit elastic scattering. 
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Figure 7.18 Constant-Qn scan of sample 11 reflection. The observed peak width, 1.0 
meV, demonstrates that the spectrometer has sufficient energy resolution for inelastic 
studies. 
_ ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 
: I W \ ^ , -
: U ' 
• 
• 
• I 
* 
H
H
-
hH
 
1 
1 
1 
1 
1 
t 
f 
1 
1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 i i 1 1 1 
116 
2000000 
1600000 
o 
<D 
CO 1200000 
C/3 
"S 
o 
o 800000 
400000 
0 
T—I—I—I—I—I—I—I—r 1—I—I—r 1—I—I—r 
9 I 
• 4 
I 
I 
• f 
I 
JLmi 
# ' 
; /  
.  '  
. I 
;• 
• /  
el.»! I I  L  
*. 300 psi 
,• \ 200 psi 
% O 
% • 
% • 
\ • 
\ 
\ ' 
I • 
» ' 
\ ' 
i ' 
\ ' 
J—1—I—I m 
-1 -0.5 0 0.5 
scattering angle 
Figure 7.19 Scan of direct beam. This is a (]) scan of the direct beam. The peak centers, 
determined by best-fit Gaussians, are within 0.01° of each other. Also note that tlie peak of 
the upper (300 psi) curve is flatter than the 200 psi curve, suggesting counting losses. 
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APPENDIX A; CONDITIONS FOR SELECTED SCANS 
This appendix catalogues the experimental conditions for the scans presented in 
Chapter Vn. For each plot, the experimental conditions have been collected to facilitate 
comparison. Before listing the conditions for each scan, several common characteristics 
are listed. 
As discussed in Chapter IV, spectrometer operation has been conservative. During 
most scans, including all of the ones shown in this Appendix, the emission cunent was 
kept at or near its minimum value. This is estimated to be 100+30 |J.A, which is nearly two 
orders lower than normal operating currents. This was done quite deliberately to extend the 
lifetimes of die SEM and the ionizer filaments. When the low emission current are consid­
ered, the sensitivity of this instrument is quite comparable to that of a TOF instrument de­
scribed by Toennies (Toennies, 1991). 
During these tests the collimation has changed several times. For the initial scan in 
August (Figure 7.02) and September (Figure 7.03) of 1990, see table 4.01. For scans 
between 4 October 1990 and April 1991, the coUimator Cob, which separates the third stage 
from the scattering chamber, was a 3.2 mm diameter aperture at the location given in table 
3.01. Following April 1991, the motorized collimator base was installed and a 2.0 mm 
diameter collimator was installed. Unless noted, collimator C;,between the sample and 
analyzer table, was removed. The detector assembly entrance is 9.8 mm diameter circular 
aperture unless noted. 
The normal operating conditions for the turbomolecular pumps were with the small 
55 1/s turbomolecular pumps of the detector arm at full speed but with the large turbomole­
cular pumps of the scattering chamber at standby speed. When lower backgrounds were 
required the large turbomolecular pumps could be accelerated to full speed, in the condi­
tions for each scan, the speeds of the small turbomolecular pumps and larger pumps are 
listed. For example full/standby is the usual pump status. 
The counting chain has also evolved during the tests. Initially, the output from the 
9301 preamplifier was shaped and amplified by a locally consu-ucted 'black box.' This 
proved to be unstable and was replaced by a second 'black box.' These cases are referred 
to as chain #1 and chain #2 respectively. For both cases, the shaped pulses were then fed 
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into a Tennelec 485 amplifier. More recently, the output of the preamplifier has been fed 
directly into an Ortec 584 discriminator. 
The source pressure listed are the gauge pressure of the regulator feeding the nozzle 
supply line. The regulator was found to be stable, but is probably quite inaccurate. 
Experimental Conditions for Selected Scans 
Figure 7.02 Initial series of diffraction peaks of LiF(OOl) (100) with 0=80° 
Conditions 
reflection/ scattering angle: sample 11,00,11 at (|)=80° 
date/scan number: 1 August 1990 scans 28, 29, 34 
source pressure: 1000 psi 
Turbomolecular pump status: full speed/standby 
Counting chain: #1/ gain 16x1.0/ discr. 2.5 V/ CEM 2400 V 
Figure 7.03 Second series of diffraction peaks of LiF(OOl) (100) with (j)=80° 
Conditions 
reflection/ scattering angle: sample 11,00,11 at (t)=80° 
date/scan number: 7 September 1990 scans 23, 27, 30 
source pressure: 600 psi 
Turbomolecular pump status: full speed/standby 
Counting chain: #1/ gain 16x1.0/ discr. 2.5 V/ CEM 2400 V 
Figure 7.04 Third series of sample diffraction peaks for LiF(001)(100}, <^80° 
Conditions 
reflection/ scattering angle: 
date/scan number: 10 January 1991 (see next three figures) 
source pressure: 1200 psi 
Turbomolecular pump status: full speed/ standby 
Counting chain: #2/ gain 64x1.0/ discr. 0.55 V/ CEM 2275 V 
Collimation: shown in Figure 3.1, also Section III.F 
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Figure 7.08 Sample specular at ^30° 
Conditions 
date/scan number: 
source pressure: 
Turbomolecularpump status: 
Counting chain: 
Calculated parameters 
peak count rate 
background (Y=10°) 
peak center: 
peak width (FWHM): 
20 June 1991, scan 1 
600 psi 
full/standby 
#2/ gain 64x1.0/ discr. 0.55 V/ SEM 2400 V 
53170 cps 
170 cps 
15.00° (by definition) 
0.24° 
Figure 7.09 Series of sample diffraction peaks for LiF(001)(100} with (|)=60° 
Conditions 
reflection/ scattering angle: 
date/scan number: 
source pressure: 
Turbomolecularpump status: 
sample 11,00,11 at 0=60° 
20 June 1991 scans 50, 51, 53 
1200 psi 
full speed/ standby 
Counting chain: #2/ gain 64x1.0/ discr. 0.55 V/ SEM 2400 V 
Figure 7.10 Sample 11 reflections at 0=60° (from series plotted in Figure 7.09) 
Qualities of reflections 
peak count rate 
background (from 0=10°) 
peak center (00 at 30.00°): 
peak width (FWHM): 
scan 50 
2875 cps 
110 cps 
13.93° 
0.65° 
scan 49 (600 psi) 
1357 cps 
74 cps 
13.82° 
1.15° 
Figure 7.11 Sample 00 reflections at 0=60° (from series plotted in Figure 7.09) 
Qualities of reflections 
peak count rate 
background (Y=10°) 
peak center: 
peak width (FWHM): 
scan 51 
12185 cps 
114 cps 
30.00° (by definition) 
0.20° 
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Figure 7.12 Sample 11 reflections at <p=60° (from series plotted in Figure 7.09) 
Qualities of reflections 
peak count rate 
background (\|/=10°) 
peak center: 
peak width (FWHM): 
scan 52 
1222 cps 
114 cps 
46.13° (with specular at 30.00°) 
0.50° 
Figure 7.13 Series of analyzer peaks for LiF(001)(l00} with (/>a=80° 
Conditions 
reflection/ scattering angle: 
date: 
source pressure: 
Turbomolecular pump status: 
Counting chain: 
See next three plots. 
12 November 1990 
600 psi 
full speed/ standby 
#l/gain 16x1.0/discr. 2.5 V/CEM 2400 V 
Figure 7.14 Analyzer 11 reflections at 0a=8O° (from series in Figure 7.13) 
Qualities of reflections 
date/scan number: 
peak count rate 
background (est) 
peak center: 
peak width (FWHM): 
12 November 1990, scan 21 
440 cps 
20 cps 
27.24° 
1.33° 
Figure 7.15 Analyzer (X) reflections at <pa=SQ° (from series in Figure 7.13) 
Qualities of reflections 
date/scan number: 
peak count rate 
background (est) 
peak center: 
peak width (FWHM); 
12 November 1990, scan 24 
387 cps 
30 cps 
40.00° (by definition) 
0.43° 
Figure 7.16 Analyzer 11 reflections at 0^=80° (from series in Figure 7.13) 
Qualities of reflections 
date/scan number: 
peak count rate 
background (est) 
peak center: 
peak width (FWHM): 
scan 29 
388 cps 
30 cps 
52.78° 
0.96° 
scan 31 (900 psi) 
419 cps 
32 cps 
52.68° 
0.79° 
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Figure 7.17 Sample 00 using analyzer crystal 
Conditions 
reflection/ scattering angle: Sample (00) at (|)=60°, An: 11 at (j)a=80° 
date/scan number: 5 December, scan 25 
source pressure: 1200 psi 
Turbomolecular pump status: full speed/ full speed 
Counting chain: #1/ gain 16x1.0/ discr. 2.5 V/ CEM 2275 V 
Calculated parameters 
peak count rate 72 cps 
background (est) 18 cps 
peak center: 31.60° 
peak width (FWHM): 0.31° 
Figure 7.18 Sample 11 using analyzer crystal 
Conditions 
reflection/ scattering angle: sample 11 at (|)=80°, Analyzer 11 at <l)a=85° 
date/scan number: 14 December 1990, scan 44 
source pressure: 1200 psi 
Turbomolecular pump status: full speed/ full speed 
Counting chain: #1/ gain 16x1.0/ discr. 2.5 V/ CEM 2275 V 
Calculated parameters 
peak count rate 47 cps 
background (est) 18 cps 
peak center: 29.70° 
peak width (FWHM): 0.70° 
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Figure 7.19 Constant-j2ii scan of sample 11 reflection 
Conditions 
reflection/ scattering angle: 
date/scan number: 
source pressure: 
Turbomolecular pump status: 
Counting chain: 
Collimation: 
Calculated parameters 
peak count rate 
background (est) 
peak center: 
peak width (FWHM): 
sample 11, with (j)=75°, analyzer 11 with (|)a=75°. 
22 January 1991, scan 47 
1200 psi 
full speed/ full speed 
#2/ gain 64x1.0/discr. 0.55 V/ SEM 2275 V 
The aluminum insert, shown in the upper right side 
of Figure 4.1, was inserted into the entrance 
shield, also in Figure 4.1. The shield was inserted 
into the detector assembly entrance. 
55 cps 
22 cps 
0.02 meV 
1.03 meV 
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APPENDIX B; SCATTERING WITH ARBITRARY TILT 
Although the current sample table is not designed to operate with arbitrary tilts, ex­
periments with this configuration can be contemplated. The scattering equations for this 
case is more complex than the special case were the tilt is zero (Figure B1 ). The primary 
reason for this complication is that Q\\, the projection of the scattering vector into the sur­
face plane, is no longer in the scattering plane. More complicated vector relations naturally 
result. 
Initial attempts to determine the scattering relations geometrically met with little suc­
cess. Next, matrix methods were used to determine the transformation matrix associated 
with the rotations of the sample table. This matrix relates the components of vectors mea­
sured within a laboratory firame with the components measured with respect to a Cartesian 
coordinate frame attached to the sample. The component of Q=k]-kQ are easily calculated 
in the laboratory frame and transformed to the sample frame, which is the natural reference 
frame to analyze scattering. This method is general and may be applied to sample manipu­
lators of arbitrary complexity in an scattering equations. This is apparently a novel method 
to determine the scattering relations. 
The component of the transfer momentum are most easily measured in a laboratory 
reference frame, which is now described. The scattering plane, which is nearly horizontal. 
m 
sample axis 
(110) 
Scattering 
plane (100) 
Figure B1 a)Projection of vectors into surface plane of L/F(001)surface, T=(). 
b) Projection of vectors into scattering plane. 
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contains the x and y directions. The core of the incident beam travels in the positive x di­
rection, The z direction is normal to the scattering plane and y is chosen consistent with 
the right hand rule. In this frame the transfer momentum is 
Q=k]-ko=ik]COS(l>-ko, k]sin(p, 0). (B1 ) 
The sample table provides rotations of the sample relative to the laboratory reference 
frame. For the current spectrometer, the sample table allows tilt, azimuth and sample rota­
tions. The dit mechanism (t) rotates only the sample. Adjusting the azimuth (a) rotates 
both the sample and the tilt mechanism. The entire sample table rotates to vary the sample 
angle(vO. which is the grazing angle of incidence. 
The sample is tilted about an fixed azimuth. In general, this azimuth will not be 
along a convenient crystallographic axis. This can be resolved by defining a=0 along a 
chosen crystal axis, and recognizing that the sample tilts about an azimuth cxq. 
The transformation resulting from these three rotations can be expressed by the ma­
trix T[i//,a,T]=R[T]R[a-ao]R[V'], where R[Q is the rotation matrix for a rotation through 
an angle 0 about the axis Ô. With this matrix, Vi=T'ijVj relates the components of V mea­
sured in the experiment frame (Vj) with the components (Vj) relative to the sample. With 
the sample rotations at their respective zero positions, the sample normal is ^  and the 
surface contains A and 2. The conventional orientation is with the normal given by / and 
the surface components given by & and y. To comply with this convention, a final matrix 
multiplication exchanges the y and z components. Explicitly, this transformation is: 
T im=XijRjk[ t] Rki[«-oJo] Rim[ 
1 0 0 
0  0 - 1  
0 1 0 
1 0 0 
0 COST sinT 
0 -sinT COST 
cos[a-ao] 0 -sin[(%-(%] 
0 1 0 
sin[a-ao] 0 cos[a-ao]. 
cosy/ sin I// 0 
-siny/ cost/ 0 
0 0 1 
cos[«-(%o]cosy cos[a-ao]cosv^ -sin[a-aol 
-sinTsinVA-cosTsin[a-ao] siny sinTcosyA-cosTsin[a-sini// -COSTCOS] «-«ol 
-cosTsinvA+sinTsin[a-ao]cosv/'cosTcosvH-sinxsin[a-a()lsint// sinxcosja-aol 
(B2) 
This transformation can be applied to the momentum conservation relation. In the labora­
tory reference frame, the transfer momentum is 
Q=kj-ko=ikjcos(l>-ko, k]sin(l), 0). (B3) 
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The transformation to the sample reference frame yields 
& 
Qy 
& 
cos[ a-ao](^icos0cos Y+h sin^sin yz-kocos y/) 
sin i(-/:icos 0si n sin0cos v^ÂTosin y/) 
-COST SIN[A-AB](/:ICOS0COSV^F/:ISIN(T)SIN yz-kocosy/) 
cos'i^kicos(psmy/^kism<l)cosy/+kosiny^ 
+sinTsin[a-ao](/îiCOS^osv«-/:isin(j)sin\i/-Â:oCOSV/) 
cos[a-ao](^ icos(0-v/) -kocosy/j 
-COST SIN[O:-(%B](KICOS(^V/)-AOCOSY) 
cos'^ k\sini(j>-y/) +/:osiny) 
+sinT (X:]Sin(^i/) +ko^iny/) 
s\t\[a-a{)]{k\cosi(l>-y/) -/:ocosi//) 
For surface scattering, it is convenient to perform experiments with the sample 
normal in the scattering plane (i.e., T=0). With t=0, the previous equation simplifies to 
cosc{kicos((l>-y/) -kocosy/\ 
-sinc{kicos(<j>-y/) -kocosy/] 
{kism{(l>-y/) +/:osini/^ ) 
" 
Qy = 
. & . (B5) 
The interpretation of these results is straightforward. The azimuth angle is found 
using the relation tana=-Qx-Qy~^. The sample rotations within this azimuth are specified 
by y/. For surface scattering, y^is measured between the incident beam and the sample sur­
face. The component of the scattering momentum along this direction is 
which obeys g||=X:ycos[^i/^-/:ocosi//: The component of transfer momentum normal to 
the surface is (2j^=A:7sin[^v/]+/:osini//: This method recovers the desired relations for the 
case of zero tilt. 
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(C2) 
From the selected Qj and Q2, the computer calculates the Cartesian coordinates of Q\\, 
Qx=2%Qvar'^ and (g;y=2%G2'ksin[] -ar^ ctn[9,2) (C3) 
The azimuthal angle must satisfy «= ?Aa.n{QxlQy). In addition, the azimuthal angle, «, is 
restricted to 90°>a>-90°. If 90°<«^70°, Q is assumed to be negative and the assignment 
««!=(«- 180°) is performed. 
Solving for \|/ and/or 0 
The magnitude of the scattering vector is From consei-vation of 
momentum, the scattering angle,(j), and the sample angle, \\f, must satisfy 
k] cos(^y) = ko COSVA+ 6||. 
For the desired values of the energy and momentum transfers, the angles y/, 0, i//« 
and (pa can be determined in a number of ways. For each crystal. Angles allows one of 
four angles to be fixed. At the sample and analyzer, the user may choose to fix 0,1//, 
%=90°-yor 07=90°- ((p-y/). 
Sample Angle, y/, Fixed. 
If the sample angle is specified, the scattering equations may be solved immedi­
ately, 
(p=\l/+ acos[(g|| + ko cos[y]) (C4) 
where ki has ben determined by energy conservation. For diffraction, this reduces to 
(pa=y/a+acos[g\ykr^+ cos%]. (C5) 
Scattering Angle, (p. Fixed. 
If the scattering angle is specified, the sample rotation may be detemiined using two 
auxiliary angles, P and By using angle addition fomiula;, the scattering equation may be 
expressed 
(ki cos[0] - W'COs[y] + ik] sin[0])-sin[v/]= Q\\, (C6) 
The first auxiliary angle, %, is defined such that 
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^ atan 
^o-^r^-cos0 
(C7) sin0 
With this definition, the scattering equation is rewritten 
sin[v^] cos[i^ -cos[v^] sin|j-g] = 
V Â:o^+/:i^-2Â:o/:icos[<^] 
=sin[/3] • (C8) 
Solving for the sample angle, y/= ^2 + p. 
For elastic scattering, ko/kj = 1. Consequently, ^ simplifies to $, the scattering 
angle. Then (5 reduces to asin[g|| / sin[^/2] ], and y/ = 0/2 + p. 
Scattering Angle, (j), Fixed (Second method) 
Parenthetically,a second method to solve for the sample angle has been derived. To 
determine y/, the scattering equations are rewritten using standard angle addition fomnilae. 
The resulting equation quadratic equation, 
{iki)'^+iko)'^-2kokicos<l)}x^+[2Q\\iko-kicos(l))]x+{Q\\^-ik])'^$in^(l)}=0 
may be solved forx=cosy. The solutions of this quadratic are 
^_-Q\\(kQ-kiCos(p)±kism^(ko)'^Hk\)'^-2kQk\cos(l>-Q\\^ 
{ko)'^Hki)'^-2kokicos(t> (cç) 
Calculations have been performed using both methods. The differences, on the order of 
10~1^, are attributed to round-off errors in the computer algorithms. 
Angle of reflection fixed. 
It may be desirable to fix the grazing angle of reflection, w=<A-V^- I" this case, it is 
convenient to express the momentum conservation rules as 
ko cos[({h-\i/r] = k] cos[v^r]•- Gil. (CIO) 
The scattering equations may be solved immediately, 
<p=\l/r + acos [{ki cos[xf/r ] - Q\\)/ko ]. (CI 1) 
Once (p and Yr are known, the grazing angle of incidence for the sample is given by 
Y=<I>-Wr-
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APPENDIX D: DETECTOR ASSEMBLY CONNECTIONS 
The detector assembly contains the main detector, three turbomolecular pumps and 
a preamplifier. The electrical connections and cooling water supply for the detector as­
sembly is described in this appendix. This appendix supplements the equipment manuals 
by describing the additional connections for the current facility. 
Turbomolecular Pump Electrical Connections 
Three TPH 050 turbomolecular pumps are used to pump the detector assembly. 
Each turbomolecular pump is connected to a controller via two cables, as shown in Figure 
Dl. Pin assignments and wiring conventions are given in Table Dl. The internal cable 
connects the turbomolecular pump to the feedthrough. The external cable, connecting the 
feedthrough to the controller, is the original Balzers cable, but with an Amphenol plug 
replacing the original connection. During the initial tests, the turbomolecular pumps con­
tributed significant electrical noise to the preamplifier output. Much of this noise was 
traced to the grounding of the turbomolecular pumps. Specifically, we found that the 
grounding pin, V, was not connected to the chassis grounding plane. Apparently, this is 
characteristic of the Balzers 050 pump. Several larger Balzers turbomolecular pumps were 
internal cables 
Original cables (with 
Detector 
new Amphenol connectors) 
Figure D1 Turbomolecular pump wiring 
139 
properly grounded, but none of the 050 tested were grounded. 
Table D1 Turbomolecular pump wiring 
pump pin internal cable feedthrough external cable connectors 
A red (#18) C black (large) a5 
B orange (#18) J blue (large) a4 
C yellow (#18) K brown a3 
D white (#18) A white(large) a2 
E black (#16) B orange (large) al 
F green/white Q green (small) b6 
G yellow/white p yellow (small) b5 
H orange/white H orange (small) b4 
J brown G brown (small) b3 
K violet/white S clear (small) b2 
L blue/white E blue (small) bl 
M gray/white F gray (small) a6 
N purple R black (small) a7 
P white D white (small) b7 
R T yellow (large) 
S V green (large) b8 
T L gray (large) 
U M pink (large) 
V U yellow/green(large) a8 
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Cooling Water Connections. 
The turbomolecular pumps must be water cooled, particularly during bake out. In 
addition, the preamplifier and the large stepping motors on the arm require water cooling. 
The arm is supplied with one water circuit for all three needs. The Swagelok fittings were 
remarkably difficult to get leak-free. Charlie Burg was able to consistently seal these fit­
tings. Should the need occur, he should be asked to make any connections. These connec­
tions are illustrated in Figure D2. 
Electrical Connection for the Main Detector 
The main detector consists of an ionizer, a mass filter and a charged particle detec­
tor. Extranuclear supplied of these components with the needed electronics. In addition, 
the SEM output is amplified and by an Ortec 9301 preamplifier. The SEM wiring is shown 
in Figure D3. The detector and the preamplifier are located on the mobile ami inside the 
vacuum chamber. Necessarily, the electrical connections become complicated. The detec­
tor wiring is graphically summarized in Figure D7. 
The axial beam ionizer is a standard Extranuclear design (Model 141-1) used with 
their Ionizer Controller 020-2. Table D2 lists the conventions for the wires inside the bel­
lows connecting the preamplifier canister with the smaller feed through spool. The pin 
assignments are given on the flange illustrations (Figures D4-D6), located at the end of this 
large motors 
drain ' j — \ -
supply I > K 
Figure D2 Water cooling circuit for spectrometer arm 
Preamp can 
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Appendix. 
The quadrupole mass filter (Extranuclear model 4-162-5) is powered by an 
Extranuclear 011-10 Quadrupole Power Supply and a Model 10 High-Q Head. Paul 
Zylestra measured the capacitance of the quadrupole and the extra RG 142 cable to be 212 
pF. To compensate for the increased capacitance, Extranuclear recommended modifica­
tions to the High-Q head. Since the RF leads are interchangeable, wiring is simplified. 
The detector, supplied by Extranuclear, uses a Galileo Electro-Optical Multiplier 
(#4870). The DC voltages for the conversion dynode and the electron multiplier are sup­
plied by two high voltage power supplies (Glassman, models PS/MJ03N5()00-1 and 
PS/MJ 1 ON 1500-10). The Ames Laboratory Instrumentation Shop added rack mounts and 
voltmeters. 
Inside the bellows, orange wires with Teflon double-insulation are used for both 
high voltage connections. Since -7 KV can destroy the SEM, these wires must not be 
mixed. A meg-ohm meter should be used to test the leads. The SEM should read -115 
MO to ground, while the conversion dynode should be open to ground. The ground wire 
from the detector is connected to a coax shield inside the preamplifier canister.The SEM 
signal is amplified by an Ortec 9301 preamplifier. The connecting coaxial cable exits the 
quadrupole canister through the access flange. Ceramaseal makes the UH V compatible 
Multiplier connections (outside view) 
Galileo Electrico-Optical Corp. 
R= 114 MO Back of 
multiplier 
can 
Multiplier 
(-3KV) Conversion 
dynode 
Signal 
Multiplier 
Conversion 
dynode 
(-7 KV) 
Figure D3 SEM connections 
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coaxial cable used for the SEM signal. The signal is carried by 18" length of 1/8" cable 
(PN 949B1997-04-A). A feed through on the back of the preamplifier can connects directly 
to the preamplifier. After preamplification, the signal is fed through a BNC connector on 
the east side of the feedthrough spool. The other electrical connections needed for the 
preamplifier are listed in Table D3. 
The feedthrough spools are common to all three subsystems of the detector. Rather 
than list the pin assignments separately for each system, the complete assignments for each 
flange are given together in Figures D3-D6. Generally, only an outside view of each flange 
is given. The exception is the detector feedthrough. Since this flange is installed upside 
down, the outside view has proven to be confusing for installation. Consequently, an 
inside view is also included (Figure D5). 
Table D2 Ionizer connections 
components internal wires external wires Amphenol plug 
filament (+) white #16 red #16 C 
filament (-) black #16 black #16 D 
ion region white/blue white E 
extractor white/green red G 
lens 1 grey orange B 
lens 2 grey/white yellow A 
lens 3 white green H 
Internal wire refers to the wires inside the bellows connecting the preamplifier canister with 
the feedthrough spool. The external wires connect the feedthroughs of the spool with the 
Amphenol plug. The cable connecting the Amphenol plug and the Ionizer Control is 
described in the Extranuclear manual. 
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Preamplifier feedthrough 
(Outside view) 
Top 
Multiplier 
(-3 KV) Conversion 
dynode 
(-7 KV) 
Filament (-) 
Filament (+) 
Lens 1 
Lens 2 
Lens 3 
Ion Region 
Extractor 
RF 
Figure D4 Preamplifier feedthrough 
Table D3 Preamplifier connections 
preamplifier 9-pin hex internal wire external wire pin number 
V+ A red red I 
ground C black & green black 2 
V- E white clear 4 
shield H shield shield 5 
In this table, the internal wire refers to the wires in the bellows which connect the preamp­
lifier canister with the feedthrough spool. The external wire are visible on the outside of 
the feedthrough spool. There are two 9-pin hex connectors with common pin assignments. 
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Quadrupole feedthrough 
(Outside view) 
RF 
Lens 2 
Ion region Lens 3 
Lens 1 
Extractor Filament (-) ~ 
Filament (+) -
Conversion 
dynode 
(-7 KV) 
Multiplier 
(-3 KV) Not connected 
Quadrupole feedthrough 
(Inside view) 
RF 
Lens 1 
Lens 3 Ion region 
Lens 2 
Extractor Filament (-) 
Filament (+) 
Conversion 
dynode 
(-7 KV) 
Multiplier 
(-3 KV) btconnected 
Figure D5 Quadrupole feedthrough. This flange faces down when installed, so use 
when installing the quadrupole. An ohm meter should be used to confimi that the orienta­
tion is correct. The filaments should have about 0.4 Q resistance. The multiplier lead 
should have a resistance to ground of about 115 MO. 
Feedthrough flange on smaller spool (outside view) 
-3KV 
-7KV 
Connector B (for ionizer) 
Ion region 
(white) 
Filament (-) 
(16 ga. black) 
Filament (+) 
(16 ga. red) 
Extractor 
(red finer) 
Connector A (for preamplifier) 
The colours are for the external wires 
orange 
yellow 
light blue 
— white 
not used 
grey 
— violet 
Connector C (for ionizer) 
Lens 1 
(orange) 
Lens 2 
(yellow) 
Lens 3 
(green) 
not used 
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Extrel Axial 
Beam Ionizer 
Emission current 
Ion energy 
Extractor votage 
Lcnsvollagesi 
Extrel Quadrupole Mass Filter 
(4-162-5) 
two lines of RF 
with DC offset 
Extrel Detector 
Signal — 
Conversion dynoclcj 
SEM 
Ground*) 
Quadrupole & 
Preamplifier 
feedthroughs 
9 pin' 
plug 
Extrel Ionizer Control 
020-2 
Extrel Quad* Control 
Extrel RF power source I 
10 pin 
Amphenol • 
plug 
High^Q 
head 
012-10 
DC power supply 
for SEM and CD 
1/ 
Ortcc 
Pre-
amp 
Ortec 584 single clionnel 
analyzer 
9 pin' 
plug 
Signal 
Fecd-
throiigh 
spool 
Figure D7 Overview of detector wiring. The ground wire for the detector is connected 
to the shielding of a coax cable in the preamplifier can. 
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APPENDIX E: VACUUM SYSTEM 
The vacuum systems of the atomic beam facility are of standard design and arc 
operated in a fairly standard manner. However, the procedures are complicated by the size 
and number of systems which must operate simultaneously. During operation, care must 
be taken to prevent the migration of containments from the first stage toward the scattering 
chamber. 
Two methods are used to minimize this migration. Most obviously, the gate valve 
separating the third stage and the scattering chamber is kept closed until both chambers are 
well into molecular flow. Second, during start-up and shut-down, a pressure gradient is 
established so that the gas flows from the third stage toward the first stage. 
Recently, Toennies has presented evidence that helium beams effectively block the 
effusion of pump oils from the first stage toward the scattering chamber (Toennies 1991. 
pp. 208-209) Thus, it is prudent to start the helium beam before the gate valve between the 
third stage and the scattering chamber is opened. 
Before describing the operation of the vacuum systems, the user should be familiar with the 
various vacuum apparatus. The major components of the facility are shown in Figure 
3.02. The vacuum pumps shown in this figure are listed in Table El. The vacuum in the 
various regions is monitored by a series of thermocouple gauges, Bayard-Alpert gauges 
and a Penning gauge. Manuals for all of these apparatus are available. Users who are not 
familiar with the contents of these manuals are not qualified to operate the vacuum systems 
of the facility. 
Start-up Procedure 
The first task is to fill the dewar supplying the cold trap on the second stage, prefer­
ably several hours before pumping. Since the dewar is quite well insulated, pressure 
builds up quite slowly. If the pressure is insufficient, less than 1 psi, connect the vent of 
the 160 liter dewar to the the small valve on the dewar with a flexible hose. This allows the 
50 liter dewar to be pressurized to approximately six pounds per square inch. 
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Several other duties must be performed before starting the vacuum pumps. Inspcct 
the area around both diffusion pumps. Remove any loose items from the immediate area. 
Be especially careful for anything flammable or susceptible to heat damage. Turn on the 
exhaust fans and open lab doors to improve ventilation. Turn on the water mains (open the 
return line first and then slowly open the supply line) on the east wall. 
The first stage is roughed by the Stokes pump located in the sub-basement. The 
group leader (currently, C. Stassis) has the keys for this area. Check the oil level of the 
Stokes pump, fill if needed. Open the valve winch supplies compressed air to the right 
Table El Vacuum pumps 
pump^ type manufacturer model pumping speed 
PI a diffusion Varian NHS-35 60,000 1/s (He) 
Plb Roots compressor Edwards EH 1200 1,020 m^/h (air) 
Pic Roots compressor Edwards EH250 274 mVh (air) 
Pld rotary piston Stokes 212H-10 238 m^/li (air) 
P2a diffusion Balzers DIP 320 2,400 1/s (air) 
P2b roots compressor Edwards EH250 274 mVli (air) 
P2c rotary vane Balzers DUO 060A 72 m^/ti 
P3a turbomolecular Balzers TPU330 370 1/s (He) 
P3b rotary vane Balzers DUO 060A 72 ni^/h (air) 
P4a turbomolecular Balzers TPH 5000 6,200 1/s (air) 
P4b turbomolecular Balzers TPH 330 370 1/s (He) 
P4c rotary vane Balzers DU0060A 72 m^/h (air) 
P4d-fb turbomolecular Balzers TPU 050 55 1/s (He) 
P4gc turbomolecular Balzers TPU 050 55 l/s (He) 
P4hc rotary vane Balzers DUO 060A 72 m3/h (air) 
P5a ion Perkin-Elmer 202-0125 2 1/s (air) 
P5b turbomolecular Alcatel 5080 UHV 80 1/s (N2) 
P5c rotary vane Balzers DU0 016A 19.4 m^/h (air) 
P6a'i turbomolecular Balzers TPU330 370 1/s (He) 
" identifies the pumps shown in Figure 3.02 
b these pumps (not shown in Figure 3.02) are located in the detector ami 
c these pumps (not shown in Figure 3.02) back the turbomolecular pumps 
in the detector arm 
(I this pumps the sample loading cross and and is backed by the roughing pump P3b. 
149 
angle valve. Open the cooling water line for the Stokes pump. Start the pump and open 
the isolation valve. When the valve opens, the hose should contract and the pitch of the 
pump will change audibly. Return to room A04 and check the fore-line pressure on "TCO" 
located on the north wall. It should quickly drop to the 20-30 |i range. Plug in the right 
angle valve for the first stage, beginning the roughing of the scattering chamber. 
To begin evacuating the source chamber, open the Edwards PV40EK valve below 
the first stage Roots blowers. If the chamber was at atmospheric pressure, the EH25() 
Roots blower will spin due to the viscous drag. When the first stage themiocouple gauge 
drops below 100 |im, open the cooling water lines for the first stage diffusion pump. Stan 
heating the first stage diffusion pump (via the control panel switch SI). This diffusion 
pump will take 30 minutes to reach operating temperatures. If the operator is attentive, one 
may hear popping sounds as the diffusion pump nears operating temperatures. 
When the popping is heard, prepare to evacuate the second stage. Start the second 
stage DUO 060 via the control panel switch S7. When the rough pump stops gurgling, 
power the second stage fore-line valve, a PV40EK. Open the cooling water lines for the 
second stage diffusion pump. Start heating the second stage diffusion pump with the con­
trol panel switch S2. At this time, start the EH250 Roots blower of the first stage. When 
the second stage diffusion pump is warm, start the second stage EH 250 Roots blower, via 
the control panel switch S6. Start the liquid nitrogen control unit to begin filling the cold 
trap. 
Once the cold trap begins filling, check that the third stage vent valve is unplugged. 
The manual valves which regulate the flow of nitrogen into the third stage and its fore-line 
should be open approximately one turn. Start the DUO 060 which roughs the third stage, 
wait until the fore-pump stops gurgling. Open the water lines for the TPU 330. In rapid 
succession, start the TPU 330 and open the third stage fore-line valve (Edwards PV25EK). 
Immediately place the TPU330 on standby. 
Roughing the Scattering Chamber 
While waiting for the first stage diffusion pump to reach operating temperature, the 
scattering chamber and the rotary feedthrough for the sample table may be evacuated. The 
three needle valves which supply the vent lines for the Alcatel turbomoleciiiar pump, the 
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third stage and die fore-line for the third stage must be opened one-half to one turn. Tiiese 
valves are located on Rolie's truss (the truss added by R. S truss to reinforce the beam 
between the source and scattering chambers). 
Before evacuating the scattering chamber, it is convenient to evacuate the rotaiy 
feedthrough for the sample table. Be sure that the vent valve for the Alcatel turbomoleciilar 
is plugged into the controller and tha the green valve on the feedthrough is open. Plug in 
the controller power cable. Start the turbomolecular pump and its rough pump simul­
taneously. Open the manual valve labeled 'sample rotary platform.' Later, when the 
vacuum in the feedtrhough is below 10^ torr, the ion pump may be started and the green 
valve (which seperates the two pumping volumes) may be closed. 
Prepare to power the turbomolecular pumps of the scatteing chamber. Begin by 
turning the following control panel switches to the manual position: 
1)CNTL 
2) CI TCP 5000' 
3) C2 'TCP 300.' 
Next, go to the turbomolecular rack and turn on both of the theimocouple gauges. Power 
the TCS 120 controller by turning the master switch to '1 
Next, go under the chamber. Remove the yellow caps and the mesh filters in the 
exhaust ports of the DUO 060s. Turn on water for the turbomolecular pumps of the scat­
tering chamber. There are three water lines needed; one for the 5000, one for the 330 and 
one for the TPH 050s on the detector arm. Check that the vent valve is supplied with 
nitrogen. The blue vent valve should be open nearly 1/4 turn, so that the flow rate is 
limited. The reasons for this will be apparent shortly. 
The DUO 060 backing the TPH 330 is started by switch C3 on the control panel. 
The DUO 060 backing the TPH 050s is controlled by circuit breaker A-23 (south of the 
control panel). Wait for the DUO 060s to stop gurgling. Open the fore-line isolation valve 
by turning the control panel switch V3 to MAN. Open the isolation valve for the second 
DUO 060 by energizing the power strip. Unplug the vent valve V2, located on the TPH 
5000 pump body. The slow nitrogen leak into the scattering chamber insures that the 
backstreaming will not occur while the turbomolecular pumps are accelerating. 
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Start the TPH 5000 turbomolecular pump with the switch on the TCS 120. After 
several seconds, place the 5000 on STANDBY (switch is on TCP 5000). After the TPH 
5000 turbomolecular pump reaches 30% speed, start all four TPH 050s via the TCP 040s. 
Place these pumps on STANDBY. After the TPH 5000 turbomolecular pump reaches 40% 
speed, start the TPH 330 via the TCP 300. Place the pump on STANDBY. When the 
turbopumps are all at least 50% of full speed, the vent valve V2 may be closed. 
Starting the helium beam 
When the vacuum systems start-up is complete, the helium beam may be started. 
Before starting the helium beam, open the water cooling lines to the first stage EH 1200 
Roots blower. Then, start the EH1200 Roots blower via the control panel. This improves 
the system performance with the increased gas load of the helium beam. Open the higii 
pressure valve on the helium line, located on the north side of the source chamber. Open 
the valve near the regulator and slowly increase the pressure via the helium regulator. This 
will establish the beam. Once the beam is established, the gate valve VI, which separates 
the third stage and the scattering chamber, may be opened via the control panel switch. 
Shutdown Procedures 
Begin by closing the gate valve separating the third stage and the scattering cham­
ber. Once this valve is closed, the beam may be stopped. To stop the beam, begin by 
turning the helium regulator to zero pressure. Then close the valves for the helium bottle 
and both needle valves located on the beam path. 
With the beam off, turn off the heaters for the first and second stage diffusion 
pumps. It will take the first stage pump nearly three hours to cool down. During this time, 
the rest of the system should be shut down. 
Before decelerating the turbomolecular pumps of the scattering chamber, be certain 
that all components of the detector, the direct beam monitor and the any other vacuum 
gauges are off. In addition, make sure that all turbomolecular pumps are at STANDBY 
speed. When these conditions are met, turn off the TPH 5000. 
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Ideally, all of the turbomolecular pumps should be at approximately 50% of full 
speed when venting begins. The manual valves should still be barely cracked from the start 
up procedure. This allows for gentle deceleration of the turbomolecular pumps. Since the 
monitor for the TPH 5000 is miscalibrated, half speed corresponds with a monitor reading 
of 44%. When the monitor for the TPH 5000 reads 48%, turn off all of the TPH 05()s. 
When the monitor for the TPH 5000 reads 46%, turn off the TPH 330. When the monitor 
for the TPH 5000 reaches 44%, all of the turbomolecular pumps will be close to 50% of 
full speed. Begin venting. When the monitor for the TPH 5000 drops to 20%, close the 
isolation valves for both DUO 060s. Turn of the rough pumps using the circuit breaker 
A23 and the control panel switch C3. If the chamber is to be brought up to atmosphere, 
open the vent valves fully and vent for at least three hours. 
After these procedures, several clean-up duties must be completed. Crawl into the 
pit and cover the exhaust ports on the rough pumps with the yellow caps. Close the water 
lines, (supply first, then the return). Once the water lines are closed, close the water mains 
on the east wall. Also remember to turn all switches on the control panel to AUTO and turn 
the master switch on the TSC 120 to '0.' If they are not already off, turn off the exhaust 
fans. 

